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Abstract

The ClaySor model is an implementation of the two-site protolysis non-electrostatic surface
complexation and cation exchange (2SPNE SC/CE) sorption model in the GEM-Selektor soft-
ware and databases. In this work, the ClaySor model was made consistent with the PSI Chemical
Thermodynamic Database 2020 (TDB 2020), resulting in the updated Sorption Thermodynamic
Database (STDB 2023) for illite and montmorillonite. The STDB 2023 comprises surface
complexation constants and selectivity coefficients for Cs(I), Cd(II), Co(II), Fe(Il), Mn(II), Ni(II),
Pb(Il), Ra(Il), Zn(Il), Am(III), Cm(III) (illite only), Eu(Ill), Pu(Ill, IV), Np(IV, V), Sn(IV),
Th(IV), Nb(V), Pa(V), and U(1V, VI).

Extensive experimental data on pH edges and adsorption isotherms, collected over a few decades
at the Laboratory for Waste Management (LES) at the Paul Scherrer Institute and supplemented
with recently obtained datasets, were compiled and evaluated. At the same time, the ClaySor
model was fitted to all datasets of certain metal/clay mineral pairs using the GEMSFITS param-
eter optimisation tool to determine adjustable model parameters such as surface complexation
constants and cation exchange selectivity coefficients. The performance of the updated model is
demonstrated on sample pH edges and adsorption isotherms. The uncertainties of adjustable
parameters were estimated by means of the 95% confidence interval determined via the Monte
Carlo method as implemented in the GEMSFITS package. The re-evaluated equilibrium surface
complexation constants and cation exchange selectivity coefficients (STDB 2023) are now fully
consistent with the TDB 2020 and are provided in the appendix, along with the related metal
hydrolysis constants. In addition, an overview of batch sorption experiments of the investigated
elements on illite and montmorillonite used for the ClaySor model parameter optimisation is given
in the appendix.

For some cations of interest, namely Cd(II) and Fe(Il) for illite, as well as the surface com-
plexation constants of Pu(Ill, IV), Np(IV), and U(IV) for illite and montmorillonite, the surface
complexation constants were determined based on the linear correlations between the stability
constants of aqueous and surface complexes (linear free energy relationships, LFERs). The
estimated equilibrium constants of Cd(II) and Fe(II) were used to predict pH edges and adsorption
isotherms, which showed a good agreement with the experimental data of chemical analogues,
implying the reliability of the constants found in LFERs.

The ClaySor 2023 model and STDB 2023 for 2:1 clay minerals can be used to compute the solid-
liquid distribution ratios (R4) of many cationic elements in complex systems of geological and
engineered barriers in the deep geological repository, namely the illite-containing argillaceous
rocks and the bentonite buffer materials, interacting with porewaters of various compositions.
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Zusammenfassung

Das ClaySor-Modell implementiert das «2-site protolysis non-electrostatic surface complex-
ation and cation exchange» (2SPNE-SC/CE) in die GEM-Selektor-Software und in die Daten-
banken. Dieser Bericht beschreibt, wie das ClaySor-Modell mit der PSI/Nagra chemisch-thermo-
dynamischen Datenbank (TDB) 2020 in Einklang gebracht wurde. Das Ergebnis ist die
aktualisierte Sorption thermodynamische Datenbank (STDB 2023) fiir Illit und Montmorillonit.
Die STDB 2023 enthélt Oberflachen-Komplexierungskonstanten und Selektivitdtskoeffizienten
fiir Cs(I), Cd(1), Co(II), Fe(1l), Mn(1I), Ni(II), Pb(II), Ra(Il), Zn(1I), Am(I1I), Cm(III) (nur Illite),
Eu(III), Pu(Ill, IV), Np(1V, V), Sn(IV), Th(IV), Nb(V), Pa(V), and U(IV, VI).

Umfangreiche experimentelle Daten zu pH-Kanten und Adsorptionsisothermen, die iiber mehrere
Jahrzehnte am Labor fiir Endlagersicherheit (LES) des Paul Scherrer Instituts gesammelt und mit
neu gewonnenen Datensidtzen ergénzt wurden, wurden zusammengestellt und ausgewertet.
Gleichzeitig wurde das ClaySor-Modell mit Hilfe des Parameteroptimierungstools GEMSFITS
an alle Datenséitze bestimmter Metall-/Tonmineralpaare angepasst, um flexible Modellparameter
wie Oberflichen-Komplexierungskonstanten und Kationenaustausch-Selektivititskoeffizienten
zu bestimmen. Die Wirksamkeit des aktualisierten Modells wird am Beispiel von pH-Kanten und
Sorptionsisothermen demonstriert. Die Unsicherheiten der konfigurierbaren Parameter wurden
mittels des 95 %-Konfidenzintervalls geschitzt, das wiederum mit der Monte-Carlo-Methode
ermittelt und im GEMSFITS-Paket implementiert wurde. Die neu bewerteten Gleichgewichts-
Oberflichen-Komplexierungskonstanten und  Kationenaustausch-Selektivitdtskoeffizienten
(STDB 2023) stimmen nun vollstdndig mit der TDB 2020 iiberein und sind zusammen mit den
entsprechenden Metallhydrolysekonstanten im Anhang aufgefiihrt. Dariiber hinaus enthilt der
Anhang einen Uberblick iiber Batch-Sorptionsexperimente fiir die untersuchten Elemente an Illit
und Montmorillonit, die fiir die Parameteroptimierung des ClaySor-Modells verwendet wurden.

Fiir einige Kationen von Interesse, (Cd(II) und Fe(II) fiir Illit sowie jene von Pu(IIL, IV), Np(IV)
und U(IV) fiir [llit und Montmorillonit), wurden die Oberflichen-Komplexierungskonstanten aus
den linearen Korrelationen zwischen den Stabilititskonstanten von wéssrigen Komplexen und
Oberflichenkomplexen («linear free energy relationships», LFER) bestimmt. Die geschitzten
Gleichgewichtskonstanten von Cd(II) und Fe(II) wurden zur Vorhersage von pH-Kanten und
Adsorptionsisothermen verwendet. Diese zeigten eine gute Ubereinstimmung mit den experimen-
tellen Daten der chemischen Analoga, was auf die Zuverldssigkeit der aus LFER ermittelten
Konstanten hindeutet.

Mit dem Modell ClaySor 2023 und der STDB 2023 fiir 2:1-Tonminerale lassen sich die Feststoff-
Fliissigkeit-Verteilungskoeffizienten (Rq) vieler kationischer Elemente in komplexen Systemen
geologischer und technischer Barrieren des geologischen Tiefenlagers berechnen, ndmlich am
illithaltigen Tongestein und an den Bentonit-Puffermaterialien, die mit Porenwéssern unter-
schiedlicher Zusammensetzung interagieren.
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1 Introduction

The multi-barrier system of a deep geological repository for radioactive waste involves a natural
geological barrier formed by the repository host rock and a system of engineered barriers.
Together, they ensure the long-term stability of the repository and the retention of radioactive and
chemotoxic substances, and provide isolation, containment and retention of radioactive
substances. In Switzerland, the Jurassic Opalinus Clay unit confined between clay-rich formations
has been selected as the host rock and forms a natural geological barrier for the repository. The
clay minerals in the sedimentary rocks mainly consist of illite and kaolinite, and to a lesser extent
of smectite and chlorite (Mazurek et al. 2023). The 2:1 clay minerals, illite and montmorillonite,
are considered to be the main sorbents in the Opalinus Clay due to their significant retention
properties with regard to radionuclides and toxic substances. Montmorillonite is the primary
mineral of the bentonite buffer material to be used in the engineered barrier system of the high-
level waste repository. The process of radioactive and chemotoxic contaminant uptake by clay
minerals in argillaceous rocks in the far-field and high clay-content materials in the near-field is
crucial in determining their migration rate through such systems. A wide variety of different
factors, such as the contaminant properties, the concentration, porewater and rock chemistry,
sorbent content and properties, and the presence and concentration of competing metals,
demonstrates the necessity for developing sorption models that can predict sorption in complex
systems over wide ranges of conditions.

The development of the two-site protolysis non-electrostatic surface complexation cation
exchange (2SPNE SC/CE) model (Baeyens & Bradbury 1997, Bradbury & Baeyens 1997,
Bradbury & Baeyens 2009a), as well as sorption thermodynamic databases (STDB) for illite
(Bradbury & Baeyens 2017) and montmorillonite (Baeyens & Bradbury 2017), became a
fundamental scientific contribution to the framework for the safety analysis of a deep geological
repository in Switzerland. The large array of experimental datasets, combined with the
quantitative description of the experimental data performed using the MINSORB code (Brad-
bury & Baeyens 1995) (a specialised version of the MINEQL chemical speciation code (Westall
et al. 1976)), formed the basis for compiling the aforementioned STDBs. The experimental data-
sets were represented by edges and isotherms that express pH-dependent and concentration-
dependent adsorption, respectively. The sorption data were measured in simplified laboratory
systems: NaClO4 or NaCl background electrolyte solutions, purified and homo-ionic clay
minerals, a CO; free atmosphere and a single radionuclide. The STDB comprises the equilibrium
surface complexation constants and cation exchange selectivity coefficients of metals derived by
fitting the experimental data. For metals for which no experimental data were available, the
approach based on the relationship between stability constants of aqueous and surface complexes,
so-called linear free energy relationships (LFER), was applied to derive surface complexation
constants.

Surface complexation constants in both STDBs (Bradbury & Baeyens 2017 and Baeyens & Brad-
bury 2017) were retrieved (mostly by visual fitting) using the fragmented aqueous speciation
thermodynamic data from different sources (Baes & Mesmer 1976, Hummel et al., 2002). The
uncertainty of retrieved constants was not evaluated.

The PSI Chemical Thermodynamic Database 2020 (TDB 2020, Hummel & Thoenen 2023), an
extension/update from its predecessor the PSI/Nagra Chemical Thermodynamic Database 12/07
(PSI/Nagra TDB 12/07, Thoenen et al. 2014), contains revised and justified thermodynamic data.
It is the source of thermodynamic data for the models used for performance and safety
assessments of the planned repositories for low- and intermediate-level as well as high-level
radioactive waste in Switzerland.
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To reduce uncertainties in geochemical calculations (e.g., porewater compositions, solubility
limits, sorption database, diffusion database), a consistent workflow using a common chemical
system (Kulik et al. 2023) was defined in the GEMS geochemical modelling software (Kulik et
al. 2013), based on the TDB 2020 (Hummel & Thoenen 2023) as the reference source of all
necessary thermodynamic data.

In 2017, at the end-of-life of the MINSORB code, the 2SPNE SC/CE sorption model for mont-
morillonite and illite was re-implemented in the GEM-Selektor package as the ClaySor model,
and shown to produce the same results as those previously obtained with the MINSORB code
(Kulik et al. 2018). Since then, the ClaySor model has been used with GEMS codes to model
adsorption equilibria (pH edges, isotherms) during model training or the occasional fitting of
thermodynamic surface complexation constants using the GEMSFITS code (Miron et al. 2015).

After the release of the updated chemical thermodynamic database, TDB 2020 (Hummel &
Thoenen 2023), the ClaySor models had to be updated by adding or removing surface complexes
to reflect changes in the aqueous speciation, and by (re)fitting the ClaySor-model adjustable
parameters against the experimental data. Updating the models involved utilising the same experi-
mental data used for the Bradbury & Baeyens (2017) and Baeyens & Bradbury (2017) databases,
supplemented with more recent in-house datasets, as well as a few datasets from the external
sources in order to fill data gaps. In this work, for the first time, the uncertainty intervals of
equilibrium cation exchange selectivity coefficients and surface complexation constants were
determined at the 95% confidence level using the Monte Carlo sampling method implemented in
the GEMSFITS code (Miron et al. 2015). GEMSFITS is coupled with the GEMS geochemical
solver needed to compute equilibria for the sorption experiments within the global or local least-
square fitting routine. The sorption models for some metals were revised when compared to those
presented in the earlier STDBs (Bradbury & Baeyens 1997, Baeyens & Bradbury 2017) due to
three main factors:

1. Changes in the aqueous speciation patterns of metals in the updated thermodynamic database
TDB 2020 (Hummel & Thoenen 2023) in comparison to the previously used thermodynamic
databases - PSI/Nagra TDB 12/07 (Thoenen et al. 2014) and Nagra/PSI TDB 01/01 (Hummel
et al. 2002).

2. The near-neutral pH range relevant to porewaters of argillaceous rocks, commonly found in
geochemical systems associated with a radioactive waste repository, was used to guide the
assessment of the experimental points. Due to these constraints, the derived selectivity
coefficients and surface complexation constants are best applied in the corresponding
pH range of 4 — 10. In some cases, the data fell outside this pH interval and were not used in
the fitting. Consequently, no corresponding surface complexes were considered for low- or
high-pH regions.

3. The uncertainty intervals of adjustable parameters and their correlations were used to remove
those model parameters that showed low sensitivity during the fit. For some pH and sorbate
concentration ranges, where limited experimental data were available, including more than
one surface complex in the model resulted in high parameter correlation and high model
uncertainty. To overcome this, the model was simplified by excluding the least sensitive
parameters.

The effect of the three specified factors on the proposed sorption model is detailed for each
relevant element in Chapter 4.
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The aim of this report is to provide relevant details on the comprehensive update to the ClaySor
model, consisting of the optimised values of equilibrium surface complexation constants and
cation exchange selectivity coefficients made consistent with the TDB 2020, and with the
uncertainties at the 95% confidence level. The updated ClaySor 2023 model and STDB 2023 can
be used to compute solid liquid distribution ratios (Rq) of the most relevant radionuclides in the
radioactive waste with oxidation states +I to +VI, on illite and montmorillonite in complex
clay/porewater systems of host rocks and buffer materials to be used as engineered barriers in a
deep geological repository.
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2 Models and methods

ClaySor 2023 embodies the two-site protolysis non-electrostatic surface complexation and cation
exchange (2SPNE SC/CE) sorption model as consistently implemented in the GEM-Selektor
modelling software with the built-in thermodynamic database (currently TDB 2020). A brief
description of the model, as well as its special case, the Generalised Caesium Sorption (GCS)
model, with references to the detailed description, is given below.

The 2SPNE SC/CE non-electrostatic sorption model (Bradbury & Baeyens 1997, 2009a) was
widely and successfully used for more than two decades to describe, in terms of mass action
relations, the adsorption of dissolved metal species on the 2:1 clay minerals montmorillonite and
illite (Fig. 2-1). This occurs through a combination of electrostatic binding at planar sites (cation
exchange) and a pH-dependent inner-sphere surface complexation at the amphoteric surface
hydroxyl functional groups.

. . Wy .
“Non-electrostatic” means that the electrostatic (Coulomb) term [exp (%)], (where z is the

surface species charge, F (= 96,485 C mol™) is the Faraday constant, ¥ (in V) is the relative
electrostatic potential on the mineral-water interface, R (= 8.3145 J K-'mol™) is the universal gas
constant, and T is temperature in K), was omitted from the activity and mass action equations of
surface complexation reactions in order for the calculations to reproduce the measured Rq values
within investigated ranges of experimental conditions. This implys that the chemical contribution
to the adsorption free energy predominates over the electrostatic contribution (Bradbury &
Baeyens 1997).

TOT layer

Basal surface TOT layer

External basal surface ] ]
Smectite particle

Edge surfaces
Non solvated cations

Fig. 2-1:  Basic crystal structures of 2:1 clay minerals (illite and smectite) with two
characteristic tetrahedral sheets for each octahedral sheet (TOT) and illustrating the
positions of the edge and surfaces

Modified from Tournassat et al. (2015).
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2.1 Cation exchange

The permanent excess negative charge in 2:1 clay minerals, caused by isomorphic substitutions
of AI** by divalent cations in octahedral (O) layer sites and/or of Si** by AI** in tetrahedral (T)
layer sites in the lattice, is compensated by the electrostatic binding of cations (Na*, K*, Cs*, Ca?",
Mg?*, etc.) from the aqueous solution to the planar sites that are assumed to maintain charge
neutrality. These cations can undergo reversible exchange with other aqueous cations, thus pro-
viding the dominant adsorption mechanism for alkaline and alkaline-earth elements on illite and
montmorillonite. For the divalent and trivalent elements such as Ni(II), Am(III) and Eu(IlI),
cation exchange may become a dominant adsorption mechanism at low ionic strength and low pH
(< 4) and can contribute to sorption at higher sorbate concentrations and pH when strong edge
sites become saturated.

Each clay mineral is characterised by its cation exchange capacity (CEC); defined as the total
moles of charge of sorbed exchange cations per unit mass of clay, e.g., equivalents-kg™'. This
parameter is derived from the planar site saturation experiments (Baeyens & Bradbury 2004) and
is fixed in the model. The generic cation exchange reaction can be written as:

zgA®A-clay + z4,B?B & z4,B?B-clay + zgA?A (2-1)
where B is a cation with valence zz in the aqueous phase that is in exchange with cation A4, with

valence z4, bound to the clay mineral surface.

This reaction corresponds to a mass action equation, expressed as the selectivity coefficient 5K

By _ (Ep)?A {4)’B
ke =G 075 " By7a (2-2)

where {} denotes the activity of ions (4 or B) in aqueous solution, E4 and Ej are the equivalent
fractional occupancies (in the Gaines & Thomas convention (Gaines & Thomas 1953)), defined
as the charge equivalents of 4 (or B) sorbed per unit mass of solids divided by the CEC. Replacing
equivalent fractional occupancies with the mole fraction occupancies X, and Xy leads to another
mass action expression in the Vanselow convention (Vanselow 1932), with the equilibrium
constant 8K, (if ion exchange is treated as a phase-solution with simple ideal mixing):

_ (Xp)*A (4)*B

B
aky = (Xa)?B {BY?A

(2.3)

In GEMS, the selectivity coefficient values are expressed in the Vanselow convention, while in
PHREEQC and most publications, the Gaines & Thomas convention is applied. Thus, in this
report, the selectivity coefficients are given in both conventions to remain consistent with
previous works and allow calculations to be performed in GEMS.
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It can be shown that for any homovalent ion exchange reaction with z, = zs, K, = K because
X, =E, and Xz = Eg. However, this is not true for heterovalent ion-exchange reactions. As shown
in Curti (2023), for z4 = 1 and z3 = 2, the reported Gaines-Thomas exchange coefficient K. can
be converted into the Vanselow equilibrium constant £K;, using the equations:

1

B _ B
AKV - AKG 2(1+Xg) (24)
2—E
BKy = 5K (2.5)
When z, = 1 and zp = 3, the conversions (derived as shown in Curti (2023)) will be
By _ B 1
aKy = 4K 3(142Xp)? (2.6)
3-2Ep)?
BKy = fkg S22k 2.7)

9

As seen from Equations (2.4) to (2.7), both conversions depend on the composition of ion-
exchange phases, expressed either in the mole fraction of B (di- or trivalent cation) or in the
equivalent fraction of B. Usually, cation A is monovalent (Na*) and greatly exceeds other cations
in porewater and on illite or montmorillonite. At minor or trace fractions of di- or trivalent cation
B, Xg — 0, Eg — 0, so approximately

1
aKy ~ —2Kg (2.8)

This is the case for cations such as Ba?", Sr**, Ra?’, Fe?*, Mn?', Am®*’, Cm?®", etc. However, in
experiments, major cations Ca?* and Mg?" can be present in significant fractions on ion exchange,
therefore, Equations (2.4) to (2.7) must be used with the awareness of these equivalent fractions,
as these are essential for accurate conversions of the reported Gaines-Thomas selectivity
coefficients into Vanselov equilibrium constants required for GEMS calculations.

The selectivity coefficient values are derived from adsorption experiments, mainly carried out
under low pH and low ionic strength. In the current work, the experiments carried out on homo-
ionic Na-illite and Na-montmorillonite in background solutions with Na* as a main cation were
used for modelling. Thus, all ion-exchange reactions and selectivity coefficients assume Na' as
the reference cation.
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2.2 Surface complexation

The amphoteric surface hydroxyl groups that exist on clay platelet edges (Sposito 1984, Davis &
Kent 1990) can be illustrated as being attached to different site types (=SSOH is a strong site and
=SWIOH and =SY?OH are weak sites) with their associated apparent protonation and depro-
tonation constants, K;pp and Kg,p, respectively.

The protolysis reactions and the corresponding equilibrium constants are given as:

[=S0H]

=SOH +H' & =SOH,"  Kapp = it 29)
—co-T g+
=SOH «> =SO"+ H" Kapp = % (2.10)

where [] denotes molar concentrations and {} denotes activities.

The surface complexation of metal cations on clays at trace concentrations are assumed to occur
mainly on the strong sites that have a higher affinity but low amounts per unit mass of clay
minerals (site capacity). This was determined by fitting the concentration-dependent sorption data
of given nuclides. The weak sites affect adsorption at higher concentrations due to their high site
capacities, which were determined based on clay mineral acid-base titration data. Modelling of
the titration data indicated that the two weak site types =SV'OH and =SV20OH are involved in
protolysis reactions. These sites are assumed to have equal site capacities but exhibit different
protolysis constants. Due to the low capacity of strong sites, their protolysis constants cannot be
estimated from acid-base titrations, so they are assumed to be equal to the respective values for
weak sites =SV!OH (Bradbury & Baeyens, 1997). In the following, the clay-specific parameters
of the 2SPNE SC/CE sorption model (site capacities and protolysis constants) are considered as
fixed non-adjustable parameters, as given in Tab. 2-1.

Tab. 2-1:  Summary of 2SPNE SC/CE model parameters (site types, site capacities and
protolysis constants) for illite (Bradbury & Baeyens 2009a) and montmorillonite
(Baeyens & Bradbury 1997)

lite Montmorillonite

Site type Capacity (mol kg™")

=SSOH 2.0-103

=SVIOH 4.0-102

=SW20H 4.0-107

Protolysis reactions log10Kapp

=SSWIOH =SW20H =SSWIOH =SW20H

=SOH + H" < =SOH," 4.0 8.5 4.5 6.0
=SOH < =SO" + H* -6.2 -10.5 -7.9 -10.5
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The basic assumption associated with the 2SPNE SC/CE sorption model is that only cations and
neutral and positively charged hydroxy species sorb on the edge surface sites; all other aqueous
species are considered non-sorbing (Bradbury & Baeyens 2017). Although ternary carbonate
surface complexes of trivalent metals confirmed by EXAFS investigations (Marques Fernandes
et al. 2008, 2012, 2015) have been used to model their sorption on clay minerals under specific
conditions, they seem to be irrelevant at the pH range (6.8 to 7.4) of porewaters related to
prospective sites for the deep geological repository (Kulik & Miron 2024), and thus are not
included in the present sorption thermodynamic database.

The surface complexation reaction of an aqueous cation Me? on the hydroxyl group of clay edge
can be written as:

=SOH + Me” + yH,0 <> =SOMe(OH), "D + (y+1)H* @2.11)

where Me? denotes metal with valence z, and y is an integer.

The equilibrium surface complexation constant for Equation (2.11) is given as:

_ [=s0Me(0m)x V)
B [=SOH] f=son (Me?}

ESOMe(OH)}Z,_(y+1) (HHj0+D)

K, (2.12)

where f denotes surface activity coefficients whose ratio is assumed to be unity.

As the reaction as given in Equation (2.11) is of the hydrolysis type, the surface complexation
constants of the interacting cation are related to its stability and its aqueous hydrolysis
complexation constants. Therefore, the present sorption thermodynamic database can only be
applied to the sorption modelling when it is consistent with the chemical thermodynamic database
used to model the experiments.

23 Generalised caesium sorption (GCS) model on illite

The generalised caesium sorption (GCS) model (Bradbury & Baeyens 2000) applied in this work
(in GEMS ClaySor implementation) is based on the three-site cation exchange model of Cs
sorption on illite (Brouwer et al. 1983). This was developed to predict Cs sorption on argillaceous
rocks in different water chemistries and illite contents. The cation exchange of Cs on illite is
assumed to occur on three sites. The high-affinity/low-capacity “frayed edge sites” (FES) are
responsible for the uptake of Cs at low concentrations. The other two site types were identified at
the surface of the illite crystallites by means of nuclear magnetic resonance spectroscopy (Kim et
al. 1996) and are referred to as type II sites (T2S) and to the low-affinity/ high-capacity planar
sites (PS). The GCS model parameters, including capacities for three sites (fixed model
parameters), as well as selectivity coefficients for Cs* (re-estimated in this work) and the main
competing cations K*, Ca?*, NHs", Mg?*, and Sr>" with respect to Na* (taken from literature), are
given in App. A, Tab. A-1.

In the GEM-Selektor modelling software, the GCS model is implemented by introducing two
additional independent components (IC) for FES and T2S, with the respective reference Na-
exchange dependent components (DC) and other chemical species defined via cation exchange
reactions similar to those for the main planar sites (PS). The site capacities (per kg of illite) were
set in a separate predefined composition object, “NallliteCs”, in line with Bradbury & Baeyens
(2000). The species defined by cation exchange reactions on those sites are enclosed in two
separate phases. One phase, “IlliteX”, includes Cs cation exchange species on planar sites, as well
as similar species of other elements with refitted or previously set equilibrium constants following
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the Vanselow convention. Another phase, “IlliteCsNa”, comprises cation exchange species of Cs
and other monovalent and divalent cations such as K, NH,4*, Ca?", Mg?*, Sr** on FES and T2S
(App. A, Tab. A-1). This phase is only used in calculations of Cs pH edges and adsorption
isotherms on illite.

24 ClaySor: 2SPNE SC/CE model implementation in GEM-Selektor

This section provides the basic concepts and definitions that are relevant for this study. The
detailed description of the implementation procedure for the 2SPNE SC/CE model into the GEM-
Selektor code and databases, known as the ClaySor model, can be found in Kulik et al. (2018).

The conceptual difference between the earlier 2SPNE SC/CE model and its current GEMS
implementation is that in the former, adsorbed species were treated analogously to aqueous
complexes (with the sorption site as a ligand) as part of the aqueous electrolyte phase. In contrast,
in the GEMS ClaySor model, ion-exchange species for a clay mineral (e.g., illite) are treated as
endmembers of a separate ion-exchange phase, in turn treated as a solid solution with simple ideal
mixing. Edge adsorption species are components of a separate surface complexation phase and
are also treated as a simple ideal solid solution. Within each sorption phase, the mole amounts of
surface complexes on strong as well as weak-1 and weak-2 sites are additionally constrained by
the respective mass balances set by total mole amounts of independent components for each site
type in the input bulk composition of the chemical system.

In the GEM-Selektor modelling software, chemical systems are usually considered in the
elemental stoichiometry basis, in which the system bulk composition is given as mole amounts of
independent components (IC), usually chemical elements and electrical charges. For ClaySor
models, the sorption sites are represented as additional ICs (“fictive elements”). The following
ICs are set for illite and montmorillonite:

e (Clai, Clfei, Cltti — permanent charge sites of valence -1 on illite involved in cation
exchange reactions: planar sites (PS), frayed edge sites (FES), type II sites (T2S),
respectively;

e (Clay — permanent charge planar site of valence -1 on montmorillonite;

e Essi, Esvi, Eswi — amphoteric edge sites on illite: strong sites =SS, weak sites =S™! and
=SW2 respectively, all of valence +1;

e Ess, Esv, Esw— edge sites on montmorillonite: strong sites =SS, weak sites =SV! and =SV,
respectively, all of valence +1.

Permanent charge sites are also assigned with the molar mass (in g mol™!), roughly estimated as
the mass (in g) of the respective (dry) clay with 1.0 eq permanent charge: 1,126.346 g mol! for
Clay (PS on montmorillonite) and 4,421.1 g mol™' for C1ai (PS on illite; molar mass for C1fei
and C1tti is assumed to be identical). This is necessary because, in ClaySor, the clay sorbent
(illite or montmorillonite) is represented only in amounts of “fictive elements” proportional to
site capacities and the mass of (dry) clay, but not in the real elemental stoichiometry. The molar
mass of edge sites is arbitrarily set to 1 g mol'. These molar masses propagate into sorption
species and are useful in setting compositions of clay systems in terms of solid/water mass ratios.

The chemical system definition in GEMS is composed of phases (aqueous electrolyte, gas
mixture, pure condensed phases, liquid or solid solutions, sorption phases, etc.). A phase or phase-
solution includes one or more dependent components (DC), respectively (chemical species,
components, endmembers). Activities and concentrations of DCs are defined separately for each
phase, according to universally accepted conventions and concentration scales (e.g., molality for
aqueous species, mole fraction for endmembers of other solutions). Each DC is defined by a
chemical formula expressed in moles of IC per one mole of DC concerned. The stability of each
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DC is set by its standard molar Gibbs energy G°s (of formation from ICs taken at the appropriate
standard and reference states) at reference temperature 7, = 298.15 K (25 °C) and pressure
P.=1bar and, if necessary, corrected to the temperature 7 and pressure P of interest. The
following reference DCs are set for illite and montmorillonite in the GEMS database for the
ClaySor model:

e ClaiNa@ cClfeiNa@ ClttiNa@ - cation exchange species representing the Na* ion on
the permanent charge site of illite: planar sites (PS), frayed edge sites (FES), type II sites
(T2S), respectively;

e ClayNa@ — cation exchange species representing the Na* ion on permanent charge planar
sites of montmorillonite;

e =iSSOH@, =iSvOH@, =17SwOH@ — representing amphoteric OH groups on edge sites of illite:
strong sites =SSOH, weak sites =SV!'OH and =S“?OH, respectively. In the following, the sign
"=" will be used in the edge sites notation along with the traditionally used "=", as the former
corresponds to the representation of edge sites in the GEMS and GEMSFITS software;

e =SsOH@ =SvOH@, =SwOH@ — representing amphoteric OH groups on edge sites of
montmorillonite: strong sites =SSOH, weak sites =SV!'OH and =S“2OH, respectively.

The stoichiometries and the provisional standard-state thermodynamic properties of the reference
DC species, set to be roughly consistent with those of related aqueous species, are listed in
Tab. 2-2 and Tab. 2-3 and stored as DComp records in GEMS databases. Standard properties of
all other exchange cations and edge surface complexes are defined via the 2SPNE SC/CE
reactions according to Equations (2.1), (2.9), (2.10), (2.11) and stored in ReacDC records in the
GEMS databases (see App. A).

The aforementioned species, names and acronyms are used in the following sections to describe
cation exchange and surface complexation reactions and to graphically demonstrate the
partitioning of (ad)sorbed forms of elements on clay sorption sites on plotted pH edges and
isotherms.

Tab. 2-2:  Provisional standard-state properties of ClaySor reference DC chemical species for
Na-montmorillonite at 1 bar, 25 °C

Species name Formula Molar mass, g mol! | G°o9s kJ mol! | F°295 cm? mol?!
ClayNa@ ClayNa 1,172.99 -251.92 428.47
=SsOH@ EssOH@ 18.0153 -237.18 18.07
=SvOH@ EsvOH@ 18.0153 -237.18 18.07
=SwOH@ EswOH@ 18.0153 -237.18 18.07

In species names and formulae, “@” stands for zero charge. G935 of C1ayNa@is set to be identical
to that of the Na* aqueous ion (in the TDB 2020 for GEMS) plus 9.96 kJ mol™! (conversion from
the unimolal to the unimolar “pure-substance” standard state); Vs corresponds to the dry density
of Na-montmorillonite (2.73 g cm™). The properties of =SSOH@, =SvVOH@ , =SWOH@ species are set
to be identical to that of liquid H,O.
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Tab. 2-3:

12

Provisional standard-state properties of ClaySor reference DC chemical species for
Na-illite at 1 bar, 25 °C

Species name Formula Molar mass, g mol”! | G°9s kJ mol! | F*293 cm® mol!
ClaiNa@ ClaiNa 4,443.99 -251.92 1,626.6
ClfeiNa@ ClfeiNa 4,443.99 -251.92 1,626.6
ClttiNa@ ClttiNa 4,443.99 -251.92 1,626.6
=7 SSOH@ EssiOH@ 18.0153 -237.18 18.07
=7 SVOH@ EsviOH®@ 18.0153 -237.18 18.07
=7 SwWOH@ EswiOH@ 18.0153 -237.18 18.07

In species names and formulae, “@” stands for zero charge. G°os of ClaiNa@, ClfeiNa@,
ClttiNa@ is identical to that of the Na™ aqueous ion plus 9.96 kJ mol! (conversion from the
unimolal to the unimolar “pure-substance” standard state); 295 corresponds to the dry density of
illite (2.73 g cm™). All properties of =1SSOH@,=1SVOH@,=1SWOH@ species are set to be identical
to that of liquid H»O.

In the TDB 2020, the specific ion-interaction theory (SIT) is chosen for estimating activity
coefficients of aqueous species (Hummel & Thoenen 2023). The available interaction coefficients
data allow modelling of laboratory systems for NaCl and NaClO4 background media in the range
of 0.01 M to 1 M for all the datasets (Tab. D-1, Tab. E-1). Considering the range in IS for the
majority of the data used for the model evaluation, the applicability of the selectivity coefficients
is suitable between ~ 0.01 and ~ 0.3 M and for protolysis and surface complexation constants
between ~ 0.01 and ~ 0.5.

In this work, separate datasets with KCI, KNOs, or NaNO; as a background electrolyte were
included into the fitting (see App. C) without considering interaction coefficients between sorbate
and electrolyte ions. Preliminary tests conducted with interaction coefficients found in the
literature showed a negligible difference in Ry (< 0.024 logioK) compared to values obtained
without interaction coefficients at the relatively low concentration of electrolytes (< 0.3 M). Since
this difference in Rq was incomparably smaller than the scatter of experimental data, the afore-
mentioned datasets were also taken into account in the fitting.
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3 Model parameter optimisation and estimation of
uncertainties

The optimal values for the apparent standard molar Gibbs free energy of surface complexes
and cation exchange species (G°293) in the ClaySor 2023 model are derived using the versatile
GEMSFITS parameter optimisation tool (Miron et al. 2015). GEMSFITS is capable of con-
currently refining multiple parameters, including thermodynamic constants, against a variety of
experimental datasets. It employs the GEMS3K code (Kulik et al. 2013, Wagner et al. 2012)
internally to compute the equilibrium speciation for each experimental data point.

The G°ys values of surface complexes and cation exchange species were obtained by fitting
several pH-dependent (pH edge) and concentration-dependent sorption data (isotherms) simulta-
neously. The adjusted values of G295 can then be used in GEMS or transformed into equilibrium
constants for surface complexation and cation exchange reactions. GEMSFITS incorporates
various statistical methods for assessing parameter correlation, overall parameter sensitivity to
experimental data, and a Monte Carlo approach to determine parameter uncertainties.

Experimental datasets were transformed into the GEMSFITS experimental data format using
predefined Excel spreadsheets that list the input and output for each experiment data point. The
input includes details such as the volume of aqueous solution, background electrolyte concen-
tration, pH, quantity of clay, cation exchange capacity, and edge site capacities. The output is
denoted by the experimentally determined solid—liquid distribution coefficients Rq:

Cin._ceq. . K
Ceq, m

Rq = -1

where Cj,, is the initial aqueous concentration of the metal ion (mol-L™), Ceq. 1s the equilibrium
aqueous metal concentration (mol-L!), V is the volume of liquid phase (L) and m is the mass of
solid phase (kg). To avoid overfitting of high-sorption relative to low-sorption values, Rq values
were converted into the logarithmic scale (logioR4) for the optimisation procedures.

The chemical system setup, as well as the preliminary “goodness of fit” evaluation, were carried
out using the GEMS software. As the first approximation, the previous models were applied to
describe the experimental data. At this stage, it is possible that some observations from datasets
were excluded from the considerations based on the GEMS calculation results due to, for instance,
high probability of metal precipitation under certain conditions. The chemical system and the
experimental datasets were exported to GEMSFITS for the subsequent simultaneous fitting.

The G°9s values of surface complexes and cation exchange species were the input adjustable
parameters. The measured logioRs values were compared with the calculated logioRs values. The
objective function was a normalised sum of the squares of the residuals:

_ n (IOgloRdmeasured_IOgloRdcalcuated)z
5= T, (3-2)

2
logioRdmeasured

where 7 is the number of data points. During the optimisation procedure, the nested GEMSFITS
function was used to constrain pH in the system via titration with acid or base until the
experimental pH value was reached (Miron et al. 2015).
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All datasets for each element were applied simultaneously to derive optimum values for G°29g of
surface complexes and cation exchange species in the ClaySor 2023 model, along with their
respective uncertainties at the 95% confidence level as follows:

1.

The G°s values are simultaneously fitted using the BOBYQA nonlinear optimisation
algorithm (Powell 2009) from the NLOpt library (Johnson 2007) used in the GEMSFITS code
package. This algorithm performs derivative-free bound-constrained minimisation using an
iteratively constructed quadratic approximation of the least squares objective function in
accordance with Equation (3-2). The initial guess for G°»s values was derived from logioK
values of sorption reactions taken from the previous studies. When new sorption species were
introduced that had not been previously used in the model, their initial G°9s values were
approximated using the linear free energy relationship (LFER) approach. Usually, the G°9s
boundaries of £10 kJ mol! were wide enough to locate the minimum of the objective function.
In some cases, one of the G°2s parameters was fixed to the previously estimated value (i.e.,
Zn selectivity coefficient on illite and montmorillonite) due to unreliable data in the respective
part of the sorption edge or isotherm without affecting the quality of the fit, but better
constraining it.

During the optimisation procedure, the composite scaled sensitivities (CSS) (Miron et al.
2015, Hill & Tiedeman 2007) of the G°29s values were evaluated. These metrics are available
from the results of GEMSFITS and represent the sum of all observation sensitivities for a
given parameter and describe how well a parameter is constrained by the experimental data.
Any parameters with a low sensitivity could be removed from the model. Step 1 was then
repeated with the simplified model and only with those parameters that are necessary to
describe the observations. If the objective function minimum for the new model was
significantly higher compared to the old one, the parameter was then returned to the model.
The details of CSS determination are described in Miron et al. (2015).

Once the optimised values of the parameters (G°) were determined, Monte Carlo simulations
were performed to derive the uncertainty of the parameters represented by the 95%
confidence interval. The Monte Carlo sampling method can be used for evaluating the error
propagation and for estimating the parameter uncertainty when these two steps cannot be
carried out using analytical propagation formulae in a straightforward way. This method
(details in Miron et al. 2015) allows the assessment of the uncertainty at the 95% confidence
level of each adjusted parameter as twice the standard deviation of parameter values obtained
by repeating the fit for many (usually 1,000) synthetic experimental datasets.

These synthetic datasets were generated by modifying the measured values with quantities
randomly sampled from a log-normal distribution with mean zero and data residual A from
the data scatter or the experimental error (Acxp). They were calculated as follows:

A= |10910Rd meas — 10g10Rq4 calcl (3-3)

where Ry meas and Ry cq1c refer to the measured and calculated best-fit Rq values, respec-
tively.

Aexp = |109100'exp| (3-4)
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where 0,,,, refers to the experimental error of Rq, which was at expert level evaluated as 30%
of the Ry value for Rq < 1 x 10° and 50% of the Rq value for Rg> 1 x 10°. On a logarithmic
scale, these values form asymmetric error intervals: (+0.11 — 0.15) and (+0.18 — 0.3),
respectively. Since the resulting R4 uncertainty values require only symmetric values in the
logarithmic scale, the larger value was used for calculations as the more conservative option.
Thus, Gexp values of 0.15 for Rq < 1 x 10° and 0.3 for Rq > 1 x 10° were applied to generate
synthetic datasets.

To avoid underestimating the parameter confidence interval for metals for which only scarce
data were available, i.e. Th, Sn, Pa, Ra, and Am, synthetic datasets were created based on
experimental error.

4. Fitting against the synthetic datasets yielded 1,000 new sets of best-fit G°29g values. For the
obtained G%uys values, their uncertainty at the 95% confidence level is approximated by:

UnG;98 =196 X ¢ (3-5)

where o is the standard deviation, and 1.96 is the z-score corresponding to the 95% confidence
level:

—1.96 X 0< Gpo< 196 X © (3-6)

where G,qg is the mean of 1,000 best-fit G°s values, and 95% of estimated parameter values
lie within 1.96 standard deviations of the mean.

In some ranges of pH or sorbate concentrations, the contributions of different surface com-
plexes may overlap to different degrees, leading to correlated parameters and wider
confidence intervals. To reduce the uncertainty and on a case-by-case basis, one of the corre-
lated parameters could be excluded from the model if no significant effect on the fit was
observed.

The fitted G°2s values of surface complexes and cation exchange species were converted into
equilibrium constants of surface complexation and cation exchange reactions via the standard
Gibbs free energy of reaction A, G,qg, according to Equations (3-7) and (3-8).

Aerogs = ZGOZ‘)S(products) - zC;O2‘)8(rea(:tants) (3'7)

where 2G93 (reactants) 1S the sum of standard molar Gibbs free energies of formation of reactants in
surface complexation or the cation exchange reaction in J-mol™!. Conversion to log;oK® is then:

AT‘GZQS

logi0K® = —“R-T°-In (10)

(3-8)

where R is the gas constant in J-mol!-K!, and T° is the reference temperature, 298.15 K.
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Uncertainties at the 95% confidence level of surface complexation and cation exchange reaction
constants Un.. /e Were calculated as:

un .o
G29g
—RTIn(10)

loglounKSC/CE = (3_9)

where UnG;98 is the uncertainty at the 95% confidence level of best-fit G295 values.

The optimised parameters for sorption species and reactions with uncertainties evaluated as
described above are provided in App. A.

Based on the estimated uncertainties of the optimised parameters, the overall uncertainty of the
sorption model was propagated to the 95% confidence interval of the resulting R4 values, shown
as the blue band on the pH edge and isotherm plots in Chapter 4. This band was evaluated for
each plot with help of the in-house UpsaGEMS Python code (PSI LES 2022 annual progress
report) combining the GEMS3K code with the “Uncertainpy” toolbox (Tennge et al., 2018). For
the calculated pH edges or isotherms, “Uncertainpy” (Tennee et al., 2018) samples many values
for different parameter combinations. From within their uncertainty, and through GEMS
calculations running through all combinations, a spread of calculated pH edges or isotherms is
generated and then used to define the 95% confidence interval band that contains 95% of all model
predictions.

The derived uncertainty of parameters at the 95% confidence level reflects how well the model is
determined by the measured points. And the displayed model 95% confidence interval band
provides the likelihood that it contains the model-predicted Rq values if the model would be
refitted with additional measurements obtained using the exact same setup. Because the model
uses a thermodynamic description that only approximates the real systems, a situation where the
model will not be able to describe 95% of all data points can be expected, even with large
parameter uncertainties. Therefore, 95% of the points should not be expected to lie within the
band, which would, however, be expected if a prediction interval were used. The difference
between the prediction interval and the confidence interval can be clarified as follows: the 95%
prediction interval refers to the percentage of cases where the future experimental point will lie
within the prediction interval band, whereas the 95% confidence interval refers to the percentage
of cases where the future model prediction lies within the confidence band. The prediction interval
could be produced in cases when using purely empirical models and when the model can
accurately approximate all the mechanisms that describe the data points (e.g., logK = f(T) model
type). Since, in this work, the uncertainty bands are not represented by the prediction interval,
some observations may be outside the functional form of the model. This results from the
approximate nature of the model that may not fully account for all processes in a complex system.
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4 Results: ClaySor 2023 model performance for illite and
montmorillonite

This chapter aims to demonstrate how well the ClaySor 2023 model fits the experimental data of
the selected pH edges and adsorption isotherms.

The fitted pH edges and isotherms selected from datasets that were used for this purpose are
shown as scatter along with the modelled curves and their 95% confidence intervals. The
experimental data points are given as green circles with error bars (£0.15 for Rg <1 x 10°or £ 0.3
for R4 > 1 x 10%), the modelled curves as continuous blue lines, and the 95% confidence intervals
as light-blue bands. The confidence intervals of the modelled curves were calculated with the
UpsaGEMS code that, in turn, uses the XxGEMS code (PSI LES 2022 annual progress report’)
with Python API for chemical equilibrium calculations and the “Uncertainpy” (Tennge et al.
2018) Python code to propagate parameter uncertainties with regard to the ClaySor model into
the calculated R4 values. The code determines the 95% confidence interval of the model
predictions by evaluating the model for a large number of input parameter values that were
randomly sampled from within their determined uncertainty interval.

In this report, sorption pH edges are presented as the decimal logarithm of solid-liquid distribution
coefficients (R4; Equation (3-1)) plotted against pH, and adsorption isotherms are presented as the
decimal logarithm of Rq vs. the equilibrium aqueous metal concentration Ceg .

Surface complexation reactions, G°o9s values, and equilibrium constants for metal cations on
strong sites and type 1 weak sites of Na-illite and Na-montmorillonite are given in App. A,
Tab. A-2 and Tab. A-3, respectively. Surface complexation reactions, G values, and constant
values for metal cations on type 2 weak sites for Ra(Il) are shown in App. A, Tab. A-1. Cation
exchange reactions, G%e9s values, and the corresponding selectivity coefficient values (both
Vanselow log oKy and Gaines-Thomas logioK. conventions) for Na-illite and Na-montmorillonite
are represented in App. A, Tab. A-5 and Tab. A-6, respectively.

The metal hydrolysis constants from the TDB 2020 that were used for the modelling are listed in
App. B. The summaries of batch sorption experiments used for ClaySor model parametrisation,
including experimental conditions and references, are given in Tab. D-1 and Tab. E-1.

The revised ClaySor 2023 model parameters are best applied in the pH range of 4 — 10. This
interval is representative for pH values expected in the porewaters of the buffer materials (except
cement) and the confining geological units of the deep geological repository. In some cases, the
measured data that fell outside this interval were not fitted, as it was not possible to clearly confirm
sorption on clay. Outside the pH 4 — 10 range, the sorption data may be subject to distortion due
to partial clay dissolution with the formation of silicon and aluminum hydroxides at low and high
pH, respectively.

In some cases, equilibrium constants of surface complexation reactions that are mainly dominant
under high pH were not selected for the final model. These surface complexation constants can
be strongly correlated with those relevant for pH values < 10, which can then lead to an increased
uncertainty in the calculated R4 values. Since the porewaters normally encountered in the
geochemical systems within the near-field of a deep geological repository are characterised
mainly by near-neutral pH, a decision was made to limit the number of parameters in the model
(i.e., the number of surface complexation reactions) in favour of reducing the uncertainty of the
R4 values. Sorption models for some elements have been simplified compared to the previous

I Progress Report of the Laboratory for Waste Management (2022). Nuclear Energy and Safety Department, Paul

Scherrer Institute”. Free download from https://www.psi.ch/en/les/annual-reports
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models to be able to describe the measured sorption data with a lower number of parameters, and
to reduce the confidence intervals of remaining constants. In such cases, the justification is given
below.

4.1 Modelling sorption edges and isotherms on illite

4.1.1 Caesium

The Cs(I) sorption data used for modelling sorption on illite were taken from Brouwer et al.
(1983), Comans et al. (1991), Staunton & Roubaud (1997), and Poinssot et al. (1999). The
summary of published experimental datasets used for sorption modelling is given in App. E,
Tab. E-1.

The three-site GCS cation exchange model (Chapter 2) was applied to describe Cs sorption pH
edges and isotherms.

The value of the selectivity coefficient for frayed edge sites (C1fei) (5K, was estimated with a
high degree of confidence due to a large number of observations in the trace concentration region
(Fig. 4-1). In contrast, far fewer experiments were carried out at higher Cs(I) concentrations,
where both type Il sites (C1tt1i) and planar sites (C1ai) play a role. This led to a high correlation
of more than 0.6 between the selectivity coefficient for type II sites \SK,{II} and planar sites
5K, resulting in high uncertainties in their values and a wide R4 confidence interval in the
corresponding Cs sorption isotherm part (Fig. 4-2b).

7
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—— ClaiCs@
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—-12 -10 -8 —6 -4 -2
l0g10Csaq (M)
Fig. 4-1:  Cs(I) sorption experiments on illite (dots) taken into consideration for the model
parametrisation

The modelled sorption isotherm in 0.1 M NaClO4 at pH 7 is shown to illustrate the
correspondence of observations to different parts of the isotherm.
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Fig. 4-2:  Cs(I) sorption on Na-illite in 0.1 M NaClO4

(a) pH edge and (b) sorption isotherm at pH 7, experimental data (Poinssot et al. 1999)
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4.1.2 Cobalt

Co(II) sorption data used for modelling sorption on illite were taken from Marques Fernandes et
al. (2015) and Montoya et al. (2018). The latter study compiles a large set of experimental data
on Na-IdP (illite du Puy) comprising pH edges at different ionic strengths and isotherms at
different pH carried out by various research institutes. Additionally, one unpublished in-house
dataset of an isotherm at pH 7.2 was included into the fitting (Fig. 4-3b). The conditions of this
experiment are outlined in App. C and App. D, Tab. D-1. The summary of published experimental
datasets used in this work are given in App. E, Tab. E-1.

The aqueous thermodynamic data used for the Co(Il) modelling on illite were taken from the
ThermoChimie database, version 11a (Giffaut et al. 2014).

In this report, the model of Co(II) sorption on illite was simplified in comparison to the previous
model (Marques Fernandes et al. 2015, Montoya et al. 2018) by eliminating the negatively
charged surface complex =iSsOCo(OH),™ (Fig. 4-3). This caused a reduction of the predicted
sorption after reaching a solution pH value of about 10. In two out of three original edge datasets
used for the fitting (incl. data from Montoya et al. 2018), logioRq also decreases under pH values
above 10, while only one dataset has a plateau. Thus, the updated model without the surface
complex =iSsOCo(OH);" is consistent with most of the experimental results.

7 7
(a) --- =iSsOCo+ (b) --- =iSs0Co+
—-— =iSsOCoOH@® —-— =iSsOCOOH@
6] =iSvOCo+ 6 --- =iSvOCo+
—— ClaiCo@ —— ClaiCo@
—— model —— model
@ data @ data
3 95% CI 5 95% Cl
" i
[
o
2.4 24
- =
o
< 3 %3
5 2
= e N A ——— o
S - S
2 2
L—"" 7/ - ; \
s ,‘/ \ 1
1 ! ! \ \
/ i \ \
/ / \
/ ; \
0 : : 0
2 4 6 8 10 12

pH Ioglocoaq (M)

Fig. 4-3:  Co(Il) sorption on Na-illite in 0.1 M NaClOs

(a) pH edge, experimental data (Montoya et al., 2018) and (b) sorption isotherm at pH 7.2,
in-house experimental data, this work (the experimental conditions of sorption measurements
are described in App. C and App. D, Tab. D-1)
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Mn(II) sorption data used for modelling sorption on illite were obtained as part of this work
(Fig. 4-4 and App. C, Section C.2). The experimental conditions of sorption measurements and a
summary of batch sorption experiments used for the modelling are given in App. C and App. D,

Tab. D-1, respectively.

The proposed sorption model of Mn(Il) on illite includes a cation exchange reaction on planar
sites; one surface complexation reaction on strong and one on weak edge sites (Fig. 4-4). During
the experiments, a blackening of illite was observed above pH 8, which could indicate the
oxidation of Mn to MnO, by structural Fe(Ill) in illite. Therefore, these points were not included
in the fitting, and no further surface complexation reactions were suggested.
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Fig. 4-4:  Mn(lII) sorption on Na-illite in 0.1 M NaCl
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(a) pH edge and (b) sorption isotherm at pH 7.2, in-house experimental data, this work (the
experimental conditions of sorption measurements are described in App. C)
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4.1.4 Nickel

Ni(I) sorption data used for modelling sorption on illite were taken from Poinssot et al. (1999),
Bradbury & Baeyens (2005a) and Marques Fernandes & Baeyens (2020). Additionally, un-
published in-house datasets for pH edges and isotherms were included into the fitting (Fig. 4-5b
and App. C, Section C.1.3). The experimental conditions of sorption measurements are outlined
in App. C and App. D, Tab. D-1. The summary of published experimental datasets used for the
modelling are given in App. E, Tab. E-1.

Only two reactions were accepted for the Ni(Il) surface complexation on strong edge sites
(Fig. 4-5), while the previously proposed model included three reactions (Bradbury & Baeyens
2009a). This simplification is reasonable when considering the experimental points at pH values
below 10 in order to reduce the interference of Ni(Il) sorption on aluminium hydroxides, which
may be formed as a result of illite dissolution under alkaline conditions. The proposed model fits
experimental points with relatively low uncertainty values. The case of Ni(Il) sorption on illite is
a good example of how a high amount of experimental data points (in total, 351 points of pH
edges and isotherms were used in the fitting) with low scatter can reduce the 95% confidence
intervals of model parameters and of calculated Ry values.

a) 7 6
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log1oRg (L kg™

IOQIONiaq (M)

Fig. 4-5:  Ni(Il) sorption on Na-illite in 0.1 M NaClO4

(a) pH edge, experimental data (Poinssot et al. 1999) and (b) sorption isotherm at pH 7, in-
house experimental data, this work (the experimental conditions of sorption measurements
are described in App. C)
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4.1.5 Lead

Pb(II) sorption data used for modelling sorption on illite were taken from Marques Fernandes &
Baeyens (2019). Additionally, an unpublished in-house dataset of the pH edge was included into
the fitting (App. C, Section C.4). The experimental conditions of the sorption measurements are
outlined in App. C and App. D, Tab. D-1. The summary of the published experimental datasets
used for the modelling are given in App. E, Tab. E-1.

The sorption model of Pb(II) on illite involves one cation exchange and two surface complexation
reactions (Fig. 4-6) and, in contrast to suggestions related to a previous model (Marques
Fernandes & Baeyens 2019), does not imply Pb(II) sorption on the so-called “high affinity” sites.
The reasons for not including “high affinity” sites in the ClaySor model is that the nature of these
sites has not been established yet, and the low-pH region is less relevant for the conditions in a
deep geological repository. Modelling of Pb(II) sorption in the acidic region by means of cation
exchange only resulted in a higher K. value (Tab. A-1) when compared to the model in Marques
Fernandes & Baeyens (2019). The surface complexation constants for strong and weak sites have
higher values as a consequence of the updated values of Pb(Il) hydrolysis constants in the TDB
2020. In addition, one dataset obtained under atmospheric air conditions was excluded from fitting
due to the suspected existence of Pb(II) carbonate complexes.
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Fig. 4-6:  Pb(II) sorption on Na-illite in 0.1 M NaCl

(a) pH edge and (b) sorption isotherm at pH 6.9, experimental data (Fernandes & Baeyens
2019)
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4.1.6 Radium

Ra(II) sorption data used for modelling sorption on illite were taken from Marques Fernandes et
al. (2023).

In the previous STDB, no Ra(Il) sorption model on illite was developed (Bradbury & Baeyens
2017). Based on the fact that both illite and montmorillonite have the same 2:1 layer structure,
the same model as proposed for montmorillonite (Klinkenberg et al. 2021) was also applied to
illite. As Ra(Il) has a very weak hydrolysis behaviour, adsorption is mainly controlled by the
Ra?*-Na" cation exchange reaction on planar sites and, to a much lesser extent, by surface
complexation on the weak sites =SW?>OH, which become deprotonated at higher pH values than
weak sites =SVIOH.

An initial trial of simultaneous fitting to the available datasets obtained from three different ionic
strengths demonstrates a good model agreement with low ionic strength experiments (0.02 M and
0.14 M) and somewhat underpredicts the data in higher ionic strength solution (0.3 M) (Fig. 4-7).
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Fig. 4-7:  Modelling Ra(Il) sorption edge on Na-illite in solutions of different ionic strengths

(a) 0.02 M NaCl (b) 0.14 M NacCl (c¢) 0.3 M NaCl, experimental data (Marques Fernandes
et al. 2023)

Due to poor agreement between the data for different ionic strengths, only the dataset with the
highest ionic strength (0.3 M) was used for model parameterisation (Fig. 4-8). The dataset was
chosen in view of the similarity to the ionic strength of porewaters expected in the siting regions
for a deep geological repository, with values ranging from 0.19 to 0.5 M (Marques Fernandes et
al. 2024). It should be noted, however, that in this case, the proposed model overestimates the low
ionic strength data.
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(a) pH edge, experimental data (Marques Fernandes et al. 2023) and (b) predicted sorption
isotherm at pH 7 (Ra sorption isotherm data on illite are not available)



NAGRA NTB 23-05 26

4.1.7 Zinc

Zn(II) sorption data used for modelling sorption on illite were taken from Montoya et al. (2018).
The summary of published experimental datasets used for the modelling is given in App. E,
Tab. E-1.

Initially, the model proposed in Montoya et al. (2018) was used to represent the Zn(II) sorption
data on illite. The model included cation exchange components, as well as three surface
complexation reactions on strong sites and two on weak sites. However, the simultaneous fitting
to all data and uncertainty quantification yielded a wide confidence interval of more than one
logioK unit for the surface complex on strong sites =iSsOZnOH’ that affected sorption
calculations under pH conditions relevant for in-situ porewaters. In this regard, the model was
simplified by eliminating the surface complex on strong sites =iSsOZn(OH), and the surface
complex on weak sites =iSvOZnOH". This simplification made the model consistent with the
sorption models of divalent elements with similar hydrolysis behaviour, i.e., Co(II) and Ni(II).

Datasets of adsorption isotherms at pH 9 were excluded from the fit, as well as separate points of
the isotherms at pH 5 that did not match the corresponding values on the pH edge.

During the fit, the value of ZK, was accepted as fixed by Montoya et al. (2018), since there are
no sufficient data available at low pH to re-estimate it. The high sorption values at trace concen-
trations and low pH (Fig. 4-9) may be caused by specific sorption on high-affinity sites as for
Pb(II), the exact mechanism of which is still unclear. These uncertainties, however, do not affect
the model predictions at pH values relevant for the deep geological repository.
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Fig. 4-9:  Zn(II) sorption on Na-illite in 0.1 M NaClO4
(a) pH edge and (b) sorption isotherm at pH 7.2, experimental data (Montoya et al. 2018)
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4.1.8 Americium

Am(III) sorption data used for modelling sorption on illite were taken from Bradbury & Baeyens
(2009b). The summary of published experimental datasets used for the modelling is given in
App. E, Tab. E-1.

The same model for Am(III) sorption on illite as previously suggested by Bradbury & Baeyens
(2017) was accepted in this work. Due to a high correlation between the values of surface
complexation constants that describe sorption in the pH interval range of 7-9, the constant of the
=i1SsOAmMOH+ surface complex has a wide confidence interval. This resulted in a very wide
confidence interval of the calculated Ry values at near-neutral pH (Fig. 4-10a). Simplification of
the model by eliminating this complex leads to a substantial reduction in the model uncertainty
(Fig. 4-10b).

Spectroscopic studies of Cm(III)/Eu(Ill) sorption suggest three surface complexes on illite and
montmorillonite on the one hand (Rabung et al. 2005), as well as practically the same hydrolysis
behaviour of Cm(III) and Am(III) on the other. This indicates the necessity to include
=iSsSOAmOH+ into the Am(III) sorption model. Therefore, two alternative sets of surface
complexation constants are given in this work (Tab. A-1).

(a) s (b) 8
...... =iSsOAM(OH)2@ - =iSSOAM(OH)2@
--- =iSsOAmM+2 --- =i5s0Am+2
71 —— =iSsOAmMOH+ 71 — cdairme
—— ClaiAm@ = model
— model| @ data
@ data 6 95% CI
95% ClI —
4
1
> 2
~
=
= 4
o
El
o 3
o

Fig. 4-10: pH edge of Am(III) on Na-illite in 0.1 M NaClO4

(a) modelled with three surface complexes and (b) modelled with two surface complexes,
experimental data (Bradbury & Baeyens 2009b)
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4.1.9 Curium
Cm(I1II) sorption data used for modelling sorption on illite were taken from Rabung et al. (2005).

Only two surface complexation reactions for Cm(III) sorption on illite are proposed in this work
in contrast to the previous model using three reactions (Bradbury & Baeyens 2017). This simplifi-
cation is due to the fact that the available experimental data (Fig. 4-11, Rabung et al. 2005) are
limited to a narrow pH range, which prevents the estimation of constants for surface complexation
reactions that may occur at lower or higher pH values.

--- =i550Cm+2

—-— =iSsOCmOH+

71{ — model

@ data
95% ClI

log1oRa (L kg™?)

pH
Fig. 4-11:  Sorption edge of Cm(III) on Na-illite in 0.1 M NaClO,
Experimental data (Rabung et al. 2005)
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4.1.10 Europium

Eu(III) sorption data used for modelling sorption on illite were taken from Poinssot et al. (1999),
Bradbury & Baeyens (2005a), Bradbury & Baeyens (2009a) and Marques Fernandes & Baeyens
(2020). Additionally, unpublished in-house datasets of pH edges were included in the fitting
(Fig. 4-12a and App. C, Section C.6). The experimental conditions and the results of the batch
sorption experiments used for the modelling are given in App. C and App. D, Tab. D-1. The
summary of published experimental datasets used in this work are given in App. E, Tab. E-1.

The proposed model of Eu(Ill) sorption on illite was simplified compared to the earlier one
(Bradbury & Baeyens 2017) by eliminating two surface complexation reactions — one on strong
sites and one on weak sites (Fig. 4-12). The reason for this simplification is to avoid the large
uncertainty caused by multiple surface complexes supposed to occur over a narrow pH range and
thus correlating with each other. Since two complexes, =iSSOEu(OH),? and =iSvOEuOH*, had
confidence intervals significantly larger than others during fitting trials, around 1 log;oK versus
less than 0.3 log;oK, they were eliminated from the model. Sufficient complexes remained to fit
the available measured data. An attempt to eliminate the surface complex =iSsOEu(OH);™ instead
of =iSsSOEu(OH)," led to an incomplete description of the measured data at pH values around 9,
which was still within the pH interval relevant to the conditions of a deep geological repository.
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24 5 4
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Q 2 ..........
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Fig. 4-12:  Eu(III) sorption on Na-illite

(a) pH edge in 0.3 M NaClOs, in-house experimental data, this work (the experimental
conditions of sorption measurements are described in App. C and App. D, Tab. D-1), and (b)
sorption isotherm at pH 7 in 0.1 M NaClO4, experimental data (Poinssot et al. 1999)
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4.1.11 Tin

Sn(IV) sorption data used for modelling sorption on illite were taken from Bradbury & Baeyens
(2009a).

By applying the different set of hydrolysis reactions and constant values according to the TDB
2020, the Sn(IV) sorption model containing three surface complexes was sufficient to fit the data
instead of the previously proposed model in Bradbury & Baeyens (2017) with four surface
complexes. The surface complex =iSsOSn(OH)," was no longer needed in the current model to
describe the measured data (Fig. 4-13).

-- =iSsOSn(OH)3@ —— model
—-— =iSsOSn(OH)4- @ data
& =iSsOSn(OH)5-2 95% Cl

Fig. 4-13: pH edge of Sn(IV) on Na-illite in 0.1 M NaClO4
Experimental data (Bradbury and Baeyens, 2009a)
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4.1.12 Thorium

Th(IV) sorption data used for modelling sorption on illite were taken from Bradbury & Baeyens
(2009b).

Similarly to the previously applied Th(IV) hydrolysis reactions set by Neck & Kim (2001), the
Th(OH);" aqueous complex was removed from the set of aqueous species in the TDB 2020, and
the sorption model had to be adjusted accordingly.

The surface complex =iSsOTh(OH)," was removed in accordance with the approach used for the
linear free energy relationships between surface complexes and corresponding hydrolysed aque-
ous species (Bradbury & Baeyens 2005b). The proposed model with four surface complexes fits
experimental data but shows relatively high uncertainty for three out of four surface complexation
constants (Fig. 4-14). This is due to the insufficient number of measurements to distinguish the
contribution of individual surface complexes from the overall sorption, resulting in a high
correlation between the parameters.
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Fig. 4-14: Th(IV) sorption on Na-illite in 0.1 M NaClO4
Experimental data (Bradbury & Baeyens 2009b)
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4.1.13 Niobium
Nb(V) sorption data used for modelling sorption on illite were taken from Ervanne et al. (2014).

Nb(V) sorption on illite was modelled based on a single dataset of measurements carried out at
trace concentrations presented in Fig. 4-15 (Ervanne et al. 2014). Although the authors suggested
surface complexation reactions for both strong and weak sites, we adhere to the concept of the
2SPNE SC/CE model, in which sorption occurs predominantly on strong sites at trace concen-
trations.

--- =iSsONb(OH)5-
—-— =iSSONb(OH)6-2
61— model
@ data

95% Cl

Fig. 4-15:  Nb(V) sorption edge on Na-illite in 0.1 M NaClOs

Experimental data (Ervanne et al. 2014)
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4.1.14 Neptunium

Np(V) sorption data used for modelling sorption on illite were taken from Gorgeon (1994).
Additionally, unpublished in-house datasets of a pH edge and an isotherm were included into the
fitting (Fig. 4-16 and App. C, Section C.7). The experimental conditions and the results of the
batch sorption experiments used for the modelling are given in App. C and App. D, Tab. D-1. The
summary of published experimental datasets used in this work are given in App. E, Tab. E-1.

The current Np(V) sorption model on illite includes cation exchange and two surface complex-
ation reactions as in Bradbury & Baeyens (2017), since the Np(V) hydrolysis speciation in the
TDB 2020 remains the same as that used in the previous model (Fig. 4-16). However, the surface
complexation constants were adjusted against the additional pH edge data that were included in
the fitting for this study.

(a) 7 - (b) 7 _
--- =iSsONpO2@ --- =iSSONp02@
—-— =iSsONpO20H- —-— =iSsONpO20H-
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—— model = model
@ data @ data
5 95% CI 5 95% ClI
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Fig. 4-16:  Np(V) sorption on Na-illite in 0.1 M NaCl

(a) pH edge and (b) sorption isotherm at pH 7.7, in-house experimental data, this work (the
experimental conditions of sorption measurements are described in App. C and App. D,
Tab. D-1)
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4.1.15 Protactinium

Pa(V) sorption data used for modelling sorption on illite were taken from Bradbury & Baeyens
(2009b). The summary of published experimental datasets used for the modelling is given in
App. E, Tab. E-1.

The aqueous hydrolysis speciation data for Pa(V) in the TDB 2020 differs significantly from that
of Trubert et al. (2003), which was applied in the earlier Pa(V) sorption model development
(Bradbury & Baeyens 2017). The current sorption model stays in compliance with the Pa(V)
aqueous speciation in the TDB 2020, but, to this end, the surface complex =SsOPa0,’ was
removed from the model, and the surface complex =SsOPa0,(OH),* was inserted instead.

------ =iSsOPa02(0H)2-2 = model
—.— =iSsOPa020H- @ data
61 — =iSsOPaOOH+ 95% ClI

Fig. 4-17:  Pa(V) sorption edge on Na-illite in 0.1 M NaClO4
Experimental data (Bradbury & Baeyens 2009b)
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4.1.16 Uranium

U(VI]) sorption data used for modelling sorption on illite were taken from Bradbury & Baeyens
(2005a) and Bradbury & Baeyens (2009b). Additionally, unpublished in-house datasets of pH
edges and isotherms were included into the fitting (Fig. 4-18 and App. C, Section C.8). The
experimental conditions and the results of the batch sorption experiments used for the modelling
are given in App. C and App. D, Tab. D-1. The summary of published experimental datasets used
in this work are given in App. E, Tab. E-1.

The aqueous hydrolysis speciation of U(VI) in the TDB 2020 is similar to that used previously in
Bradbury & Baeyens (2017). According to the observations in Bradbury & Baeyens (2017), the
model predicts that the surface complexes on weak sites make a similar contribution to the total
sorption as the ones on the strong sites at trace U(VI) concentrations (e.g., the curve
of =iSsOUO,OH@ almost overlaps with =iSvOUO,OH@, and similar overlapping of
=1SsOUO,(OH)," and =iSvOUO,(OH), is observed). During the model parameterisation, it
became apparent that the value of the selectivity coefficient UI\?;KC cannot be unequivocally
retrieved as it only affects the U(VI) speciation at pH <3, where difficulties due to clay dissolution
affect the measurements. Thus, it was decided to retain the previously estimated value for the
selectivity coefficient without calculated uncertainty. This does not have any effect on the model
in the near-neutral pH range (Fig. 4-18), but it helps to parameterise the model by reducing the
number of simultaneously fitted parameters. It should be noted that spectroscopic investigations
of uranyl sorption on montmorillonite at low pH and low ionic strength, show that cation
exchange plays an important role (Dent et al. 1992). This should also be the case for illite, since
both clays have a similar 2:1 structure.

(@7 (b) 7
—-— =iSsOUO02(0H)2- —-— =iSvOUO2(OH)2- = model —-= =iSsOU02(0H)2- —-— =iSvOUO02(0H)2- —— model
.- =iSs0UO02(0OH)3-2 — =iSVOUO2+ @ data | e =iSsOU02(0H)3-2 — =iSvOUO2+ @ data
6] — =iSs0U02+ --- =iSvOUO20H@ 95% CI 6— =iSsOUO02+ -=-- =iSvOUO20H@ 95% CI
--- =iSsOU020H@ — (laiuo2@ ---- =iSsOUO20H@

-10 -8 -6 -4 -2
l0g10Uaq (M)

Fig. 4-18:  U(VI) sorption on Na-illite in 0.1 M NaClO4

(a) pH edge, experimental data (Bradbury & Baeyens 2009b) and (b) sorption isotherm at
pH 7.2, in-house experimental data, this work (the experimental conditions of sorption
measurements are described in App. C and App. D, Tab. D-1)
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4.2 Modelling sorption edges and isotherms on montmorillonite

4.2.1 Caesium

The source Cs(I) sorption isotherm (Fig. 4-20b) used for modelling sorption on montmorillonite
was taken from Bradbury & Baeyens (2002a). The pH edges represented in this work (Fig. 4-19a
and App. C, Section C.1) are in-house unpublished datasets. The experimental conditions and the
results of the batch sorption experiments used for the modelling are given in App. C and App. D,
Tab. D-1.

The Cs(I) sorption model on montmorillonite is based on the assumption that the uptake of Cs(I)
by smectites predominantly occurs via cation exchange and is analogous to a simple cation
exchange model applied in Bradbury & Baeyens (2002a). It contains only one Na*—Cs" cation
exchange reaction on the planar sites (Fig. 4-19, Tab. A-6).
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Fig. 4-19:  Cs(I) sorption on Na-montmorillonite

(a) pH edge in 0.1 M NaClOs, experimental in-house data, this work (the experimental
conditions of sorption measurements are described in App. C and App. D, Tab. D-1), and
(b) sorption isotherm at pH 6 in 0.01 M NaClO4 (Bradbury & Baeyens 2002a)
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4.2.2 Cadmium

Cd(II) sorption data used for modelling sorption on montmorillonite were taken from Zachara et
al. (1993), Itami & Yanai (2006), and Missana et al. (2023). The summary of published experi-
mental datasets used for the modelling is given in App. E, Tab. E-1.

Compared to a previous parameterisation (Bradbury & Baeyens 2017), which included a cation
exchange on planar sites and a surface complexation reaction on strong edge sites, the current
model additionally includes a surface complexation reaction on weak edge sites (Fig. 4-20) due
to the involvement of isotherm data in the modelling.
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Fig. 4-20:  Cd(II) sorption on Na-montmorillonite

(a) pH edge in 0.25 M NaNOs, experimental data (Itami & Yanai 2006) and (b) sorption
isotherm at pH 7.8 in 0.1 M NaClQOs, experimental data (Missana et al. 2023)
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4.2.3 Cobalt

Co(II) sorption data used for modelling sorption on montmorillonite were taken from Baeyens &
Bradbury 2017. Additionally, an unpublished in-house dataset of an isotherm was included into
the fitting (Fig. 4-21b). The conditions of this experiment are outlined in App. C and App. D,
Tab. D-1. The summary of published experimental datasets used in this work are given in App. E,
Tab. E-1.

The aqueous thermodynamic data used for the Co(Il) modelling on montmorillonite were taken
from the ThermoChimie database, version 11a (Giffaut et al. 2014).

The value of the cation exchange selectivity coefficient for Co** —Na* exchange was taken as
equal to that for Ni** —Na" exchange. This assumption was made as it was not possible to estimate
it independently of surface complexation constants on weak sites based on available datasets.
Simultaneous fitting of available Co(Il) sorption edge and isotherm datasets led to the complete
suppression of the surface complex on weak sites =SvOCo" in favour of the cation exchange
complex. This erroneous underestimation can be clearly detected during the fitting by taking only
isotherm data into account. In this case, the surface complex =SvOCo" becomes significant. In
order to avoid the underestimation of =SvOCo™ and its removal from the model, it was decided
to fix the selectivity coefficient value by assigning it with the corresponding value of the chemical
analogue Ni(Il). Examples of a pH edge and an isotherm of Co(II) on montmorillonite are shown
in Fig. 4-21.
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Fig. 4-21:  Co(Il) sorption on Na-montmorillonite

(a) pH edge, experimental data (Baeyens & Bradbury 2017) and (b) sorption isotherm at
pH 7.3 in 0.1 M NaCl, in-house experimental data, this work (the experimental conditions of
sorption measurements are described in App. C and App. D, Tab. D-1)
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4.2.4 Iron

Fe(II) sorption data used for modelling sorption on montmorillonite were taken from Soltermann
et al. (2013) and Soltermann et al. (2014). The summary of published experimental datasets used
for the modelling is given in App. E, Tab. E-1.

For Fe(Il) sorption modelling on Na-montmorillonite, the same sorption model as proposed in
Bradbury & Baeyens (2017) was applied. Unlike the model proposed in Soltermann et al. (2014),
the model suggested here does not contain additional surface complexation reactions for Fe(II)
that involve surface oxidation of ferrous iron surface complexes (=S;wOFe") to ferric iron surface
complexes (=S;wOFe*") on both strong and weak sites. The set consisted of cation exchange on
the planar sites, and one surface complexation reaction on both strong and weak sites was enough
to describe the available experimental data (Fig. 4-22).
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Fig. 4-22:  Fe(Il) sorption on Na-montmorillonite in 0.1 M NaClO4

(a) pH edge and (b) isotherm at pH 6.7 on synthetic Na-montmorillonite in 0.1 M NaClOs,
experimental data (Soltermann et al. 2013), (c) pH edge and (d) isotherm at pH 6.2 on
Na-STx, experimental data (Soltermann et al. 2014)
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4.2.5 Manganese

Unpublished in-house data were used to model the sorption of Mn(II) on montmorillonite
(Fig. 4-23 and App. C, Section C.2). The experimental conditions and the results of the batch
sorption experiments used for the modelling are given in App. C and App. D, Tab. D-1.

The sorption model for Mn(II) was constructed with the same type of surface complexes as that
for Fe(Il). The model shows a good fit to measured data except for a few points with strong
sorption at high pH values, probably caused by adsorbed Mn(Il) oxidation (Fig. 4-23).
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Fig. 4-23:  Mn(II) sorption on Na-montmorillonite in 0.1 M NaCl

(a) pH edge and (b) sorption isotherm at pH 7.3, in-house experimental data, this work
(the experimental conditions of sorption measurements are described in App. C and App. D,
Tab. D-1). The circled points in plot (a) may correspond to surface precipitation of Mn(III)
(hydr)oxide
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4.2.6 Nickel

Ni(II) sorption data used for modelling sorption on montmorillonite were taken from Baeyens &
Bradbury (1997) and Marques Fernandes & Baeyens (2020). Additionally, unpublished in-house
sorption isotherm datasets were included into the fitting (App. C, Section C.3). The experimental
conditions and the results of the batch sorption experiments used for the modelling are given in
App. C and App. D, Tab. D-1. The summary of published experimental datasets used in this work
are given in App. E, Tab. E-1.

In contrast to the previous model in Baeyens & Bradbury (2017), only two surface complexation
reactions on strong sites were included into the present model of Ni(Il) sorption on montmorillo-
nite (Fig. 4-24). This simplification is reasonable when considering the experimental points at pH
values below 10 in order to reduce the interference of Ni(Il) sorption on aluminium hydroxides,
which may form as a result of clay dissolution under alkaline conditions. The proposed model fits
experimental points with relatively low uncertainty values and is consistent with the models for
other bivalent elements with similar hydrolysis behaviour, and with the Ni(II) sorption model on
illite.
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Fig. 4-24:  Ni(II) sorption on Na-montmorillonite in 0.1 M NaClO4

(a) pH edge, experimental data (Baeyens & Bradbury 1997) and (b) sorption isotherm at
pH 7.1, experimental data (Marques Fernandes & Baeyens 2020)
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4.2.7 Lead

Pb(II) sorption data used for modelling sorption on montmorillonite were taken from Marques
Fernandes & Baeyens (2019). Additionally, an unpublished in-house dataset of the sorption
isotherm was included into the fitting (App. C, Section C.4). The experimental conditions and the
results of the batch sorption experiments used for the modelling are given in App. C and App. D,
Tab. D-1. The summary of published experimental datasets used in this work are given in App. E,
Tab. E-1.

Pb(II) shows relatively high sorption in the acidic region in comparison to other bivalent elements
with similar hydrolysis behaviour (Fig. 4-25). This was explained by a specific sorption of Pb(Il)
on so-called “high-affinity” sites that were included into the model proposed in Marques
Fernandes & Baeyens (2019). For the current model, “high-affinity” sites were not considered.
Therefore, the value of the Pb(Il) selectivity coefficient is higher than for other bivalent metals
with similar hydrolysis behaviour due to partial compensation by ion exchange at low pH.
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Fig. 4-25:  Pb(Il) sorption on Na-montmorillonite in 0.1 M NaClO4

(a) pH edge and (b) sorption isotherm at pH 7, experimental data (Marques Fernandes &
Baeyens 2019)



43 NAGRA NTB 23-05

4.2.8 Radium

Ra(II) sorption data used for modelling sorption on montmorillonite were taken from Klinkenberg
et al. (2021).

The same Ra(Il) sorption model on montmorillonite as proposed in Klinkenberg et al. (2021) was
applied in this study. Similar to illite, a good agreement of the model could not be obtained against
the data measured in solutions of varying ionic strengths. Only one dataset with the highest ionic
strengths (0.3 M) closest to those in bentonite porewater was used for the model parameterisation
(Fig. 4-26). The proposed model overestimates the experimental data at lower ionic strength
(0.02 M and 0.14 M NaCl, not shown). These were not used in the fitting.
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Fig. 4-26:  Ra(Il) sorption on Na- montmorillonite in 0.3 M NaCl

(a) pH edge, experimental data (Klinkenberg et al. 2021) and (b) predicted sorption isotherm
at pH 7 (no Ra sorption isotherm data on montmorillonite available)
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4.2.9 Zinc

Zn(II) sorption data used for modelling sorption on montmorillonite were taken from Baeyens &
Bradbury (1997), Déhn et al. (2011) and Marques Fernandes & Baeyens (2020). Additionally,
unpublished in-house datasets of the pH edge and sorption isotherm were included into the fitting
(App. C, Section C.5). The experimental conditions and the results of the batch sorption experi-
ments used for the modelling are given in App. C and App. D, Tab. D-1. The summary of
published experimental datasets used in this work are given in App. E, Tab. E-1.

The surface complexation component of the model of Zn(II) sorption on montmorillonite was
reduced to one reaction on strong- and one reaction on weak sites, compared to the earlier model
in Baeyens & Bradbury (2017), which included three surface complexation reactions on strong
sites and one on weak sites. By contrast, the model of Zn(II) sorption on illite contains two surface
complexation reactions due to the availability of sorption isotherm data at pH 8.4, while the
highest pH for which the montmorillonite isotherm was obtained is 7.7. Nevertheless, the
simplified Zn(II) sorption model is sufficient to fit the available experimental data (Fig. 4-27).
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Fig. 4-27:  Zn(II) sorption on Na-montmorillonite

(a) pH edge in 0.1 M NaClO4 and (b) sorption isotherm at pH 7 in 0.1 M NaClOs,
experimental data (Baeyens & Bradbury 1997)
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4.2.10 Americium

Data concerning Am(III) sorption on montmorillonite were taken from Bradbury & Baeyens
(2005b) and Bradbury & Baeyens (2006). The summary of published experimental datasets used
for the modelling is given in App. E, Tab. E-1.

The model of Am(III) sorption on montmorillonite includes a cation exchange reaction and two
surface complexation reactions. This is different from the model in Baeyens & Bradbury (2017)
that additionally contains the =SsOAmMOH" surface complex. The reason for its removal from the
current model was its low sensitivity and strong correlation with the other surface complexes. The
same issue was observed for illite. However, in that case, a value for the surface complexation
constant could be fitted, and a wide 95% confidence interval could be estimated. The exclusion
of this surface complex does not significantly affect the modelled R4 values but helps to better
constrain the model fit and to reduce the uncertainty (Fig. 4-28).

=+ =5s0Am(0OH)2@
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Fig. 4-28:  Sorption edge of Am(III) on Na-montmorillonite in 0.1 M NaClOs
Experimental data (Bradbury & Baeyens 2006)
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4.2.11 Europium

Data concerning Eu(III) sorption data on montmorillonite were taken from Bradbury & Baeyens
(2002c), Bradbury & Baeyens (2006) and Marques Fernandes & Baeyens (2020). Additionally,
unpublished in-house datasets of the pH edge and sorption isotherm were included into the fitting
(App. C, Section C.6). The experimental conditions and the results of the batch sorption experi-
ments used for the modelling are given in App. C and App. D, Tab. D-1. The summary of
published experimental datasets used in this work are given in App. E, Tab. E-1.

The current Eu(IIl) sorption model on montmorillonite was changed compared to that in Brad-
bury & Baeyens (2017) by adding the surface complex =SsOEu(OH)s™ instead of =SsOEu(OH),’.
This was done in consistency with the Eu(IIl) sorption model on illite. The model with four
surface complexes led to high uncertainties for the calculated R4 values caused by the correlation
of surface complexes that partially overlap in a narrow pH range. Retaining the =SsOEu(OH),"
complex in the model instead of =SsOEu(OH);" led to an incomplete description of the data at pH
values around 9. The model with the currently selected complexes can fit the available measured
data with a narrow 95% confidence interval of the calculated Rq (Fig. 4-29).
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Fig. 4-29:  Eu(IIl) sorption on Na-montmorillonite in 0.1 M NaClO4

(a) pH edge, experimental data (Bradbury & Baeyens 2006) and (b) sorption isotherm at
pH 7.2, experimental data (Marques Fernandes & Baeyens 2020)
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4.2.12 Tin

Data concerning Sn(IV) sorption on montmorillonite were taken from Bradbury & Baeyens
(2005b) and Ishidera et al. (2023). The summary of published experimental datasets used for the
modelling is given in App. E, Tab. E-1.

Due to the significantly different Sn(IV) aqueous speciation used in Baeyens & Bradbury (2017)
compared to that used in the TDB 2020, the sorption model had to be modified accordingly. The
surface complex =SsOSn(OH)," was excluded due to the low sensitivity of the model to repre-
senting the available measured data. The main improvement to the model of Sn(IV) sorption on
montmorillonite was the addition of two surface complexation reactions on weak sites to the
model. This resulted from the availability of pH edge datasets with relatively high Sn(IV)
loadings, which were assumed to saturate the strong sites. Since similar data are unavailable for
illite, the corresponding model improvement was not possible. Another difference from the illite
sorption model is the removal of the surface complex =SsOSn(OH)s, which showed high
uncertainty and was correlated with other surface complexes. The remaining set of surface
complexation reactions was sufficient to fit the measured pH edge data (Fig. 4-30).
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Fig. 4-30:  Sn(IV) sorption on Na-montmorillonite in 0.1 M NaClO4

(a) pH edge, experimental data (Bradbury & Baeyens 2005b) and (b) pH edge, experimental
data (Ishidera et al. 2023)
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4.2.13 Thorium

Data concerning Th(IV) sorption on montmorillonite were taken from Bradbury & Baeyens
(2005b). Additionally, an unpublished in-house dataset of the pH edge was included into the
fitting (Fig. 4-31). The experimental conditions and the results of the batch sorption experiments
used for the modelling are given in App. C and App. D, Tab. D-1.

Similar to that for illite (Section 4.1.12), the Th(IV) sorption model for montmorillonite was
adjusted to account for the removal of aqueous Th(OH);" species from the TDB 2020 by removing
the surface complex =SsOTh(OH).". The measured data were fitted successfully with the
proposed model with four surface complexes, and show lower uncertainty than the Th(IV)
sorption model on illite due to the larger number of measurements available for montmorillonite,
thereby better constraining the model (Fig. 4-31).

AN
—-— =550Th(OH)3@
-~ =SSOTh(OH)4-
\ —— =5s0Th+3
Y --- =SsOThOH+2
— model

@ data

95% CI
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Fig. 4-31: pH edge of Th(IV) sorption on Na-montmorillonite in 0.1 M NaClO4

In-house experimental data (the experimental conditions of sorption measurements are
described in App. C and App. D, Tab. D-1)
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4.2.14 Niobium

Data concerning Nb(V) sorption on montmorillonite were taken from Ishidera et al. (2023).
Additionally, the dataset of the pH edge for illite taken from Ervanne et al. (2014) was included
into the fitting (see justification below). The summary of published experimental datasets used
for modelling is given in App. E, Tab. E-1.

The experimental data for Nb(V) sorption on montmorillonite (Ishidera et al. 2023) were repre-
sented as two pH edges with relatively high Nb(V) loadings implying the (near-)saturation of the
strong sites. With only these measured data, it was not possible to estimate the constants of surface
complexation reactions on strong sites. In order to fill this data gap, it was decided to use the
Nb(V) pH edge dataset on illite, assuming the same R4 values of Nb(V) on illite and mont-
morillonite. Simultaneous fitting of a proxy model, similar to that applied to illite, to the three
experimental datasets made it possible to estimate the constants of surface complexation reactions
on strong sites. However, the surface complex =SsONb(OH)¢>* demonstrated the uncertainty of
more than one log oK unit. By removing this complex, it was possible to fit the measured data
and to reduce the uncertainties of model parameters (Fig. 4-32). Consequently, the resulting
Nb(V) sorption model on montmorillonite is somewhat different from the model for illite.
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Fig. 4-32:  Nb(V) sorption on Na-montmorillonite

(a) pH edge, experimental data (Ishidera et al. 2023) and (b) predicted sorption isotherm at
pH 7 in 0.1 M NaCl (no isotherm data were available for Nb on montmorillonite)



NAGRA NTB 23-05 50

4.2.15 Neptunium

Data concerning Np(V) sorption on montmorillonite were taken from Gorgeon (1994) and
Bradbury & Baeyens (2005b). Additionally, unpublished in-house datasets of pH edges and
isotherms were included into the fitting (App. C, Section C.7). The experimental conditions and
the results of the batch sorption experiments used for the modelling are given in App. C and
App. D, Tab. D-1. The summary of published experimental datasets used in this work are given
in App. E, Tab. E-1.

This study follows the model defined in the previous investigation (Baeyens & Bradbury 2017).
However, since a few more datasets were included into the fitting procedure, the values of surface
complexation constants obtained here are slightly different compared to the previous study.
Examples of a pH edge and an isotherm are shown in Fig. 4-33.
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Fig. 4-33:  Np(V) sorption on Na-montmorillonite

10g10Npag (M)

(a) pH edge, experimental data (Bradbury & Baeyens 2005b) and (b) sorption isotherm at
pH 7 in 0.1 M NaClO4, in-house experimental data (the experimental conditions of sorption
measurements are described in App. C and App. D, Tab. D-1)



51 NAGRA NTB 23-05

4.2.16 Protactinium

Data concerning Pa(V) sorption on montmorillonite were taken from Bradbury & Baeyens (2006)
and Baeyens & Marques Fernandes (2018). The summary of published experimental datasets used
for the modelling is given in App. E, Tab. E-1.

The current Pa(V) sorption model contains one more surface complex than the previous model in
Baeyens & Bradbury (2017). The surface complex =SsOPaO,(OH),** was added into the model
in compliance with the changed Pa(V) aqueous speciation according to the TDB 2020. In contrast
to the Pa(V) sorption model on illite, the surface complex =SsOPaO,’ was kept in the model
(Fig. 4-34). This discrepancy can be explained by the differences in the protolysis constants of
the two clay minerals, due to which the positions of surface complexation curves along the pH
scale are shifted, resulting in varying levels of sensitivity to the measured data.

- =550Pa02(0H)2-2 —— model
--- =SsOPa02@ @ data
6] — =5s0Pa020H- 95% Cl

—— =S5s0PaO0OH+

Fig. 4-34: pH edge of Pa(V) sorption on Na-montmorillonite in 0.1 M NaClO4
Experimental data (Bradbury & Baeyens 2006)
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4.2.17 Uranium

Data concerning U(VI) sorption on montmorillonite were taken from Bradbury & Baeyens
(2005b) and Marques Fernandes et al. (2012). Additionally, unpublished in-house datasets of
adsorption isotherms were included into the fitting (App. C, Section C.8). The experimental
conditions and the results of the batch sorption experiments used for the modelling are given in
App. C and App. D, Tab. D-1. The summary of published experimental datasets used in this work
are given in App. E, Tab. E-1.

In contrast to the earlier model (Baeyens & Bradbury 2017), the current model does not in-
volve the surface complex =SsOUO»(OH)," due to its high uncertainty and low sensitivity to
the measured data available (Fig. 4-35). Removing the =SsOUQ,(OH); complex instead of
=SsOUO,(OH);" resulted in a worse fit with the data at trace uranium concentration at pH 7 — 9.
Although keeping =SsOUO»(OH)s in the model yielded a wide 95% confidence interval for the
calculated Rq values at pH 8.5 and above, the most accurate match in the near-neutral region is of
higher importance when taking natural porewater conditions into account.
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Fig. 4-35:  U(VI) sorption on Na-montmorillonite (Na-SWy-1) in 0.1 M NaClO4

(a) pH edge, experimental data (Marques Fernandes et al. 2012) and (b) sorption isotherm at
pH 6.8, experimental data (Bradbury & Baeyens 2005b)
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4.3 Predictions of Cd(Il), Fe(II), Pu(IIL, IV), Np(IV), and U(IV) sorption on
illite and montmorillonite based on linear free energy relationships

Well-established correlations between the free energies of formation of metal complexes and the
standard thermodynamic properties of the metal ions or ligands form the basis of the approach to
linear free energy relationships (LFER). To derive the surface complexation constants for both
strong and weak site types when lacking experimental data for certain elements, it is possible to
use the relationship between the stability constants of aqueous and surface complexes, i.¢., the so-
called LFER (Bradbury & Baeyens 2005b). This approach has been successfully validated by
comparison with the experimental sorption data for many elements on illite (Bradbury & Baeyens
2017) and montmorillonite (Baeyens & Bradbury 2017). The R4 values calculated for a particular
radionuclide based on its surface complexation equilibrium constants extracted from LFER might
not necessarily reproduce the measured sorption data with a high degree of accuracy. However,
given the averaging of many datasets, this approach has in most cases demonstrated its reliability
to produce qualitatively correct predictions.

The general formula for the hydrolysed species of a metal Me with valency (Zwm.) can be written
as:

Me(OH)“Me™™

X

and the general formula of the surface complex on the “strong” amphoteric surface hydroxyl
group as:

= SSOMe(OH) M~ O+

Since the surface hydroxyl group is considered analogous to one hydroxyl ion in solution, x and
y in those equations are related as:

x=y+1

In this work, surface complexation constants for Cd(II) and Fe(II) on strong and weak sites on
illite were obtained using the LFER approach based on the aqueous hydrolysis equilibrium
constants from the TDB 2020 (Hummel & Thoenen 2023) and updated surface complexation
constants of bivalent elements obtained in the present work. The choice of using LFER to obtain
the Cd(II) constant is driven by the unavailability of relevant in-house experimental data and by
the lack of consistent published data. The existing data on Fe(Il) sorption on illite (Chen et al.
2022) cannot be used confidently for the determination of surface complexation constants due to
possible oxidation of surface complexes and precipitation of iron-bearing phases.

Since reduced Np, Pu, and U species are expected under the conditions of in-situ Opalinus Clay
porewaters, but corresponding experimental sorption data are lacking, the LFER approach was
also applied to derive surface complexation constants for Pu(IIl, IV), Np(IV) and U(IV) on strong
sites of illite and montmorillonite.

Although the attempt to find a common LFER equation for determining surface complexation
constants for all valence elements was made in Bradbury & Baeyens (2005b), subsequent studies
showed that the more appropriate approach is to limit the correlation to constants of the same
valence metals (Bradbury & Baeyens 2017).
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4.3.1 Cd(IT) and Fe(I) on illite

In the previous work (Bradbury & Baeyens 2017), the surface complexation constants for bivalent
transition metals Mn(II), Fe(Il), Cu(Il) were derived using an LFER based on first hydrolysis
constants of Co(Il), Ni(Il), and Zn(II). The limitation of first hydrolysis constants usage was
explained by the more significant errors of the hydrolysis constants of higher orders in comparison
to the highest reliability of the first hydrolysis constant values because they can be determined at
high metal concentrations using potentiometric methods. As new sorption data for Mn(II) and
Pb(Il) on illite have since been obtained and used for modelling in the current work, it was
possible to include the corresponding constants in the LFER plot in addition to the metals listed
above (Fig. 4-36). However, the plot containing only the first hydrolysis constants exhibited
scatter with a low correlation coefficient of 0.7, and the subsequent inclusion of the second
hydrolysis constants in the LFER plot increased the correlation coefficient to 0.98.

Regarding the application of the LFER approach to the derivation of surface complexation
constants on weak sites, inclusion of different valence metals on the same LFER plot was
suggested in Bradbury & Baeyens (2017). The reason for this was the assumption that there is no
competitive sorption on weak sites due to their large sorption capacity. In the present work, Cd(Il)
and Fe(II) surface complexation constants on weak sites were obtained from the LFER approach
based on the data of same-valence metals (App. A, Tab. A-2). This approach was applied because
apart from bivalent metals, only four constants for weak sites were available — one for Eu** and
three for UO,*" — and they seemed to be inconsistent with the plot formed by bivalent metal data.
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Fig. 4-36:  Derivation of Cd(II) and Fe(II) surface complexation from the LFER approach on
illite using the surface complexation constants updated in this work (App. A,
Tab. A-2) and the hydrolysis constants from the TDB 2020 (App. B)

(a) Sorption on strong sites and (b) on weak sites. Dashed lines represent the linear regression
corresponding to equations:

10g%Ky1 = (10.15 % 0.68) + (0.94 + 0.05)-log®K,, (R? = 0.98)
log" ' Ky.1 = (8.36 £ 1.8) + (1.05 = 0.2)-log®"K, (R = 0.91)

The surface complexation constants for strong and weak sites obtained using the above LFER
were applied for computing hypothetical Cd(II) and Fe(II) sorption edge and isotherm (Fig. 4-37).
The cation exchange selectivity coefficient for both metals was taken as for Zn(II) due to their
similar aqueous speciation.
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Predicted sorption edges and isotherms for Cd(II) and Fe(Il) in 0.1 M NaClO4 on

Na-illite

(a) pH edge for Cd(Il) and (b) for Fe(II) and sorption isotherm at pH 7 for (c¢) Cd(I) and

(d) Fe(1I)

The Rq values of the resulting Cd(II) and Fe(II) pH edges and isotherms are comparable to those
for montmorillonite (Fig. 4-20 and Fig. 4-22), which can be an indirect indication that the LFER-
based surface complexation constants lie within values boundaries specific to 2:1 clay minerals.

The predicted Cd(Il) and Fe(Il) sorption edges and isotherms were also compared to the
experimental data of the chemical analogues Co(II), Ni(Il), and Zn(II) (Fig. 4-38).
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Fig. 4-38: Comparison of predicted sorption edges and isotherms for Cd(Il) and Fe(Il) with
chemical analogue data in 0.1 M NaClO4 on Na-illite

(a) pH edge and (b) isotherm at pH 7. Data taken from Marques Fernandes et al. (2015),
Montoya et al. (2018), Poinssot et al. (1999)

The results of the comparison show a good match with Co(II) and Ni(II) measured data, whereas
Zn(II) measured data are characterised by higher Rq values. This is probably due to the contribu-
tion of high-affinity sites of illite to Zn(Il) sorption. In general, the good match of the predicted
Fe(Il) sorption model with measured data of chemical analogues suggests that the surface
complexation constants estimated using the LFER approach are at least reasonably close to the
expected real values. Only when the corresponding experimental data are available, will it be
possible to determine the accuracy of these predictions.
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4.3.2 Pu(III) on illite and montmorillonite

The surface complexation constants for Pu(Ill) on strong sites of illite and montmorillonite were
derived from the surface complexation constants for Am(IIl) and Eu(IIl) updated in this work
(App. A, Tab. A-2) and on the hydrolysis constants from the TDB 2020 (App. B) (Fig. 4-39).
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Fig. 4-39:  Pu(Ill) surface complexation constants derived by applying the LFER approach to
strong sites for (a) illite and (b) montmorillonite using the surface complexation
constants of Am(III) and Eu(Ill) updated in this work (App. A, Tab. A-2, A-3) and
the hydrolysis constants from the TDB 2020 (App. B)

Dashed lines represent the linear regression corresponding to equations:
llite: logSKy = (8.29 % 0.51) + (0.82 + 0.02)-1og®HK, (R = 0.99)
Montmorillonite: logSKx.1 = (7.72 £ 0.8) + (0.84 + 0.04)-log®"Kx (R? = 0.99)
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4.3.3 Np(1V), Pu(IV), and U(IV) on illite and montmorillonite

The surface complexation constants for Np(IV), Pu(IV), and U(IV) on strong sites of illite and
montmorillonite were derived based on the surface complexation constants for Th(IV) updated
in this work (App. A, Tab. A-2) and the hydrolysis constants from the TDB 2020 (App. B)
(Fig. 4-40).

: W . AAAA‘F
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Fig. 4-40: Np(V), Pu(IV), and U(IV) surface complexation constants derived by applying the
LFER approach to strong sites for (a) illite and (b) montmorillonite using the surface
complexation constants of Th(IV) updated in this work (App. A, Tab. A-2, A-3) and
the hydrolysis constants from the TDB 2020 (App. B)

The triangles show sets of derived constants of Np(I'V) (blue), Pu(IV) (green), and U(IV)
(yellow) (App. A, Tab. A-2, A-3) corresponding to their 1%, 2" 3 and 4" hydrolysis
constants (App. B). Dashed lines represent the linear regression corresponding to equations:

Tlite: logSKy; = (9.19  0.3) + (1.06 = 0.03)- log®K (R* = 0.99)
Montmorillonite: logSKyx.1 = (9.59 £ 0.69) + (1.09 + 0.06)-log®"K (R? = 0.99)
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5 Summary

The ClaySor model, i.e., the GEMS implementation of the 2SPNE SC/CE sorption model (see
Chapter 2), was made consistent with the chemical thermodynamic database TDB 2020 resulting
in the updated Sorption Thermodynamic Database (STDB) for illite and montmorillonite. The
brief model description and the specifics of its implementation in GEMS, as well as the non-
adjustable basis model parameters (site capacities, protolysis constants) are given in Chapter 2.
The uncertainties of the surface complexation constants and selectivity coefficients were
determined via Monte Carlo simulations carried out using the GEMSFITS package and are given
at a 95% confidence level. The procedure of the model parameter optimization and the uncertainty
estimation are outlined in Chapter 3.

The results of Cs(I), Cd(II), Co(II), Fe(Il), Mn(II), Ni(II), Pb(II), Ra(Il), Zn(IT), Am(III), Cm(III)
(illite only), Eu(IIl), Sn(IV), Th(IV), Nb(V), Np(V), Pa(V), and U(VI) sorption modelling using
the ClaySor model have been summarised in Chapter 4. The model parametrisation is based
primarily on the “in-house” published investigations, complemented by “in-house” unpublished
datasets and the data found in the open literature.

To derive the surface complexation constants for Cd(Il) and Fe(II) on illite, as well as the surface
complexation constants for Pu(Ill, IV), Np(IV), and U(IV) on illite and montmorillonite, the linear
relationship between the stability constants of aqueous and surface complexes, commonly known
as linear free energy relationships (LFERs), was used. This approach demonstrated a good perfor-
mance in predicting surface complexation constants for bivalent transition metals, lanthanides
and trivalent and tetravalent actinides shown in previous studies. In this study, the estimated
values were applied to predict pH edges and adsorption isotherms for Cd(II) and Fe(Il) on illite,
which were compared to the experimental data of chemical analogues (Ni, Co, Zn), reinforcing
the reliability of the surface complexation constants estimated using LFERs (Section 4.3). To
determine the quality of these predictions, more experimental data are necessary.

The directly adjusted model parameters such as provisional standard Gibbs energies of surface
species, along with the derived equilibrium constants of surface complexation reactions for both
strong and weak sites of illite and montmorillonite, as well as cation exchange selectivity coeffi-
cients, are tabulated in App. A. The metal aqueous hydrolysis constants from the chemical
thermodynamic database TDB 2020 are listed in App. B. Additionally, the experimental condi-
tions of sorption measurements and summaries of batch sorption experiments on illite and mont-
morillonite used for the sorption model development are given in App. C.

The provided model can be used to calculate equilibrium sorption values such as Ry for clay
minerals in host rocks and buffer materials used as engineered barriers in a deep geological
repository.
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App. A Optimised surface complexation constants and ion exchange
selectivity coefficients for illite and montmorillonite
(ClaySor 2023 sorption thermodynamic database)

The following tables comprise the parameters of the updated ClaySor 2023 model. The non-
adjustable (site capacities) and adjustable (ion exchange selectivity coefficients) parameters of
the Generalised Caesium Sorption model (GCS) are given in Tab. A-1. The surface complexation
reactions of the elements, the optimised G°93 of surface complexes, and the equilibrium constants
for strong and weak 1% type sites as well as their uncertainties estimated in the present work for
illite and montmorillonite are listed in Tab. A-2 and Tab. A-3 respectively. Surface complexation
constants as well as optimised G°»s of surface complexes for Ra(Il) on weak 2™ type sites are
given in Tab. A-4.

The optimised G°93 of cation exchange species and selectivity coefficients for illite and mont-
morillonite are listed in Tab. A-5 and Tab. A-6, respectively. The values of selectivity coefficients
are represented as logarithms of selectivity coefficients in both Gaines and Thomas (logiK.) and
Vanselow (logcKv) conventions in order to be consistent with previous works, which mostly rely
on the former convention, and to allow calculations in GEMS, which uses the later convention.
All selectivity coefficients except that for Ra(Il) are obtained by simultaneously fitting the data-
sets with different electrolyte concentrations, mainly 0.01 and 0.1 M NaClOs. Since the specific
ion-interaction theory (SIT) is chosen in TDB 2020 as the method for estimating activity
coefficients, the proposed selectivity coefficients could be applied to the systems with ionic
strength values typical for most natural waters. The Ra(ll) selectivity coefficients shown in
Tab. A-5 and Tab. A-6 were obtained based on the dataset with the background ionic strength of
0.3 M. The details on the thermodynamic sorption model and parameters for each element can be
found in Chapter 4.
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Tab. A-1:  Summary of GCS model parameters (site types and capacities) and selectivity

coefficients (K.) for the cation exchange equilibria on the three site types of illite for
Cs*, K*, NH4", Ca*, Mg?', and Sr** w.r.t. Na on illite with a CEC = 225 meq kg

Site type Frayed edge sites (FES)

% of CEC 0.25%

Site capacity (meq kg™) 0.5625

Exchange equilibrium CEG®,98, kJ-mol! log1o[K.] log1o[Kv]

Cs* + Na'-illite <> Cs*-illite + Na* -319.33 £ 0.27 6.64 £ 0.05' 6.64 +0.05

K" + Na*-illite <> K*-illite + Na* -286.18 + 1.14 2.4+0.2? 2.4+0.2

NH4" + Na'-illite <> NHg*-illite + Na* -88.77+1.71 3.4+£0.3° 34+03

Ca?" + 2Na'-illite <& Ca?*-illite + 2Na* -532.17 02=0.13 -0.1+£0.1

Mg?* + 2Na'-illite <> Mg?*-illite + 2Na* -434.74 02+0.1* -0.1+0.1

Sr?" + 2Na'-illite <> Sr?*-illite + 2Na" -543.23 02+0.14 -0.1£0.1

Site type Type II sites (T2S)

% of CEC 20%

Site capacity (meq kg™) 45

Exchange equilibrium CEG®,98, kJ-mol! log1o[Kc] log1o[Kv]

Cs* + Na'-illite & Cs*-illite + Na* -298.71 £4.86 3.03+0.85! 3.03+0.85

K" + Na'*-illite <> K*-illite + Na* -284.46 +1.14 2.1+0.22 2.1+£0.2

NH4" + Na'-illite <> NH4"-illite + Na* -81.35+0.57 2.1+0.1° 2.1+£0.1

Ca?" + 2Na'-illite <& Ca?*-illite + 2Na* -531.03 0.0+0.13 -0.3+0.1

Mg?" + 2Na'-illite <> Mg?**-illite + 2Na" -433.60 0.0+0.1* -0.3+0.1

Sr?* 4+ 2Nat-illite <> Sr**-illite + 2Na* -542.09 0.0+£0.14 -0.3+0.1

Site type Planar sites (PS)

% of CEC ~ 80%

Site capacity (meq kg™) 180

Exchange equilibrium CEG®,98, kJ-mol! log1o[Kc] log1o[Kv]

Cs* + Na'-illite <> Cs*-illite + Na* -289.96 £ 4.23 1.49 £ 0.74! 1.49 £0.74

K* + Na*-illite <& K*-illite + Na* -278.76 + 1.14 1.1+£0.22 1.1£0.2

NH4" + Na'-illite & NHg*-illite + Na* -74.50 £ 0.57 0.9+0.13 0.9+0.1

Ca?" + 2Na'-illite <& Ca?*-illite + 2Na* -533.31 0.4+0.23 0.1£0.2

Mg?* + 2Na*-illite <> Mg**-illite + 2Na* -435.88 0.4+0.2* 0.1+0.2

Sr?" + 2Na'-illite <> Sr?*-illite + 2Na" -544.37 0.4+024 0.1+0.2

1 Results obtained during this study.

2 The values of selectivity coefficients are taken from Bradbury & Baeyens (2017). The uncertainty is taken as a

provisional value.
3 Taken from Wick et al. (2018).
4 Assumed to be identical to that for Ca?".
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Tab. A-2:  Surface complexation reactions and equilibrium constants for Cd(II), Co(II), Fe(II),
Mn(II), Ni(I), Pb(Il), Zn(Il), Am(IIl), Cm(II), Eu(IIl), Pu(Ill, IV), Np(1V, V),

Sn(IV), Th(IV), Nb(V), Pa(V), and U(IV, VI) on illite

Surface complex formation reaction SG®29s, log1e°K WIGOggs, log10™V'K
kJ-mol! kJ-mol!

=SOH + Cd* ¢ =SOCd*+ H* -320.22 0.93* -303.96 -1.92%

=SOH + Co?" ¢ =SOCo* + H' -299.51 +0.65 1.18+0.11 -282.15+3.75 -1.86 £ 0.66

=SOH + Co?" + H,0 < =SOCoOH"+ 2H" -488.55+£3.21 -7.25+0.56

=SOH + Fe?* & =SOFe*+ H' -335.21 1.28* -319.11 -1.54%

=SOH + Mn?" & =SOMn* + H" -471.02£0.53 0.98 £ 0.09 -451.76 £ 1.34 -244+0.24

=SOH + Ni2* <> =SONi*+ H" -286.65 +0.24 0.65 £ 0.04 -272.00 +0.71 -1.92+0.12

=SOH + Ni?* + H,0 < =SONiOH"+ 2H" -474.90 £ 0.86 -7.92+0.15

=SOH + Pb?* < =SOPb* + H' -277.95+1.26 2.90+0.22 -265.41 = 1.66 0.70 + 0.29

=SOH + Pb** + H,0 <& =SOPbOH" + 2H" -469.42 £1.37 -5.11+£0.24

=SOH + Zn2?" <> =SOZn" + H' -396.19 = 0.80 2.07+0.14 -380.22+1.07 -0.73£0.19

=SOH + Zn*" + H,0 < =S0ZnOH"+ 2H* -585.14£1.17 -6.37+£0.21

=SOH + Am*" ¢ =SOAm*" + H' -851.27+1.51 2.69+0.26

=SOH + Am** + H,0 < =SOAmOH" + 2H* -1,043.51 + 8.87 -5.17+1.55

=SOH + Am*" + 2H,0 ¢ =SOAm(OH),’ + 3H* -1,236.18 £0.38 -12.96 + 0.07

=SOH + Am*" ¢ =SOAm*" + H' -851.48 +£1.52 2.73+0.27

=SOH + Am*" + 2H,0 ¢ =SOAm(OH),’ + 3H* -1,236.46 £ 0.43 -12.91+0.07

=SOH + Cm3* & =S0Cm?** + H* -847.20+1.16 2.56+0.2

=SOH + Cm3* + H,0 < =SOCmOH" + 2H* -1,051.57 +£2.15 -3.18+0.38

=SOH + Eu3* © =SOEu*"+ H* -827.16 £2.30 247+£04 -818.79+ 1.11 1.00+0.19

=SOH + Eu** + H,0 < =SOEuOH" + 2H* -1,025.82+0.94 -4.28+0.17

=SOH + Eu*" + 3H,0 <> =SOEu(OH)s + 4H* -1,402.72 £ 0.99 -21.34+0.17

=SOH + Pu?" & =SOPu** + H* -831.14 2.62%

=SOH + Pu3* + H,0 < =SOPuOH* + 2H* -1,031.18 -3.88%

=SOH + Pu?" + 2H,0 ¢ =SOPu(OH),’+ 3H’ -1,216.26 -13%*

=SOH + Np** <> =SONp** + H* -784.75 9.77*

=SOH + Np** + H,0O <> =SONpOH?*" + 2H* -1,020.69 9.56*

=SOH + Np** + 2H,0 ¢> =SONp(OH)," + 3H' -1,238.82 6.23*

=SOH + Np** + 3H,0 <> =SONp(OH):" + 4H" -1,442.86 0.43*

=SOH + Pu*" ¢ =SOPu’* + H' -767.64 9.19%

=SOH + Pu* + H,O < =SOPuOH?*" + 2H" -997.53 7.92%

=SOH + Pu*" + 2H,0 < =SOPu(OH)," + 3H* -1,223.26 5.92%

=SOH + Pu** + 3H,0 < =SOPu(OH);’+ 4H" -1,423.01 -0.63*

=SOH + Sn*" + 3H,0 « =SOSn(OH)3"+ 4H* -992.44 £ 1.16 15.86 +0.20

=SOH + Sn*" + 4H,0 © =SOSn(OH)s + 5H* -1,193.45+1.63 9.53+£0.29

=SOH + Sn*" + 5H,0 « =SOSn(OH)s* + 6H* -1,382.02+0.73 1.02+0.13

=SOH + Th*" ¢ =SOTh* + H* -980.39+9.21 6.73£1.61

=SOH + Th*" + H,0O < =SOThOH?*"+ 2H* -1,192.86 £5.17 2.41+091

=SOH + Th*" + 3H,0 ¢ =SOTh(OH);’ + 4H" -1,601.34 +8.92 -9.12+1.56

=SOH + Th*" + 4H,0 ¢ =SOTh(OH)s + 5H' -1,803.74 £ 0.74 -15.20+0.13

=SOH + U* & =SOU*'+ H" -816.29 8.62%*

=SOH + U* + H,0 ¢ =SOUOH?** + 2H* -1,045.21 7.18*

=SOH + U*" + 2H,0 ¢ =SOU(OH)," + 3H' -1,262.48 3.7*

=SOH + U* + 3H,0 < =SOU(OH)3" + 4H* -1,470.74 -1.36%
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Tab. A-2:  Cont.
Surface complex formation reaction 5G°s, log1°K WI1GP50s, log1o™"'K
kJ-mol! kJ-mol!
=SOH + Nb(OH)," + H,O <> =SONb(OH)s™ + 2H" -1,674.53 +1.23 0.74+£0.22
=SOH + Nb(OH),;" + 2H,0 <> =SONb(OH)s> + 3H* -1,874.71 £3.06 -5.74+0.54
=SOH + NpO,* < ESONpOz0 +H" -1,137.43 £1.28 -1.32+0.22
=SOH + NpO," + H,0 & =SONpO:OH" + 2H* -1,324.69 £ 2.06 -10.06 + 0.36
=SOH + PaOOH*? & =SOPaOOH" + H* -1,326.03 £0.75 6.51 £0.13
=SOH + PaOOH "2 + H,0O ¢ =SOPa0;0H + 3H' -1,498.11 £0.78 -4.89+0.14
=SOH + PaOOH"2 + 2H,0 <> =SOPaO2(OH),* + 4H* | -1,683.26+1.18 | -14.00+0.21
=SOH + UO,*" < =S0UO0," + H* -1,203.26 = 1.00 2.37+0.17 -1,184.99 +1.33 -0.83+0.23
=SOH + UO,*" + H,0 ¢ =SOUO,0H"+ 2H* -1,401.60 +£4.68 -4.43+0.82 -1,394.92 +0.73 -5.60£0.13
=SOH + U0, + 2H,0 ¢ =SOUOQ(OH); + 3H' -1,600.80+1.49 | -11.07+0.26 -1,593.68+0.88 | -12.32+0.15
-1,791.05 £ 1.04 -19.29 £ 0.18

=SOH + UO,** + 3H,0 < =SOUO2(OH):> + 4H"

*

Derived from LFER.
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Surface complexation reactions and equilibrium constants for Cd(Il), Co(II), Fe(II),

Mn(II), Ni(Il), Pb(1l), Zn(Il), Am(III), Eu(Ill), Pu(Ill, IV), Np(1V, V), Sn(IV),
Th(IV), Nb(V), Pa(V), and U(IV, VI) on montmorillonite

Surface complex formation reaction SG°2s, logi0°K W1GO208, log10"'K
kJ-mol! kJ-mol!

=SOH + Cd?* & =SOCd* + H* -309.06 + 1.72 -1.03£0.3 -297.03+3.53 -3.13+£0.62

=SOH + Co?* ¢ =SOCo"* + H' -291.75 +0.72 -0.18 +0.13 27275 +0.46 -3.51+0.08

=SOH + Co?" + H,0 & =SOCoOH’ + 2H* -476.88 + 1.78 -9.29+0.31

=SOH + Fe?* < =SOFe*+ H" -337.62+0.96 1.70+0.17 -318.66 + 1.35 -1.62+£0.24

=SOH + Mn2?* ¢ =SOMn"* + H* -461.85+0.96 -0.63+0.17 -445.57+0.70 -3.48+£0.12

=SOH + Ni2* ¢ =SONi* + H' 27834 +0.32 -0.81 +0.06 26272+ 1.49 3.54+£0.26

=SOH + Ni?* + H,O <> =SONiOH’ + 2H* -466.27 £ 0.47 -9.43 +0.08

=SOH + Pb%* ¢ =SOPb* + H' -269.25 + 0.84 1.37+0.15 -254.02 + 1.44 -1.30 £0.25

=SOH + Pb* + H,0 ¢ =SOPbOH’ + 2H* -454.17 £ 3.01 -7.78 £0.53

=SOH + Zn?* < =SOZn*+ H" -389.99 + 0.83 0.98 +0.15 -370.94 + 0.87 2.36+0.15

=SOH + Am** ¢ =SOAm* + H* -849.14 £ 0.70 232+0.12

=SOH + Am?* + 2H,0 ¢ =SOAm(OH),® + 3H' -1,22636+0.87 | -14.68+0.15

=SOH + Eu** < =SOEu*" + H* -822.53 +0.57 1.65+0.10 -810.50 + 0.90 -0.45+0.16

=SOH + Eu’* + H,0 ¢ =SOEuOH* + 2H* -1,014.69 + 1.69 6.23+03

=SOH + Eu** + 3H,0 ¢ =SOEu(OH)3 + 4H’ -1,397.96 + 0.99 -22.17+£0.17

=SOH + Pu? ¢ =SOPu?" + H* -827.09 1.91°

=SOH + Pu® + H,0 ¢ =SOPuOH" + 2H* -1,026.32 -4.73"

=SOH + Pu®* + 2H,0 < =SOPu(OH),’ + 3H' -1,210.15 -14.07°

=SOH + Np** ¢ =SONp** + H* -787.15 10.19

=SOH + Np*" + H,0 ¢ =SONpOH*"+ 2H"* -1,023.03 9.97"

=SOH + Np*' + 2H,0 < =SONp(OH);" + 3H -1,240.71 6.56"

=SOH + Np** + 3H,0 < =SONp(OH)3’ + 4H -1,443.77 0.59"

=SOH + Pu** ¢ =SOPu™ + H* -769.92 9.59"

=SOH + Pu*" + H,0 <> =SOPuOH?** + 2H' -999.64 8.29"

=SOH + Pu* + 2H,0 < =SOPu(OH)," + 3H’ -1,225.02 6.23

=SOH + Pu*" + 3H,0 ¢ =SOPu(OH);" + 4H" -1,423.75 -0.57

=SOH + Sn* + 3H,0 ¢ =SOSn(OH)3’ + 4H’ -994.54 + 0.93 1623 +0.16 -980.33 + 1.36 13.74+ 0.24

=SOH + Sn* + 4H,0 ¢ =SOSn(OH)s + 5H* -1,174.54 £ 0.94 6.22+0.17

=SOH + Sn*" + 5H,0 < =SOSn(OH)s* + 6H" -1,372.39£0.63 -0.67 +£0.11

=SOH + Th*" < =SOTh* + H* -983.63 + 1.89 7.30+0.33

=SOH + Th*" + H,0 < =SOThOH?" + 2H* -1,192.30 £ 4.92 231£0.86

=SOH + Th*" + 3H,0 ¢ =SOTh(OH):" + 4H* -1,601.16 + 1.63 -9.15+0.29

=SOH + Th*" + 4H,0 ¢ =SOTh(OH)4 + 5H' -1,794.19 £ 0.97 -16.88 +£0.17

=SOH + U* < =SQU* + H* -818.51 9.01"

=SOH + U* + H,0 ¢ =SOUOH?" + 2H* -1047.21 7.53"

=SOH + U*" + 2H,0 < =SOU(OH)," + 3H" -1263.91 3.95"

=SOH + U* + 3H,0 © =SOU(OH):" + 4H' -1471.31 -1.26"

=SOH + Nb(OH),* + H,O ¢ =SONb(OH)s + 2H* -1,674.46 +1.33 0.73 £ 0.23 -1,656.63 +1.33 2404023

=SOH + Nb(OH);" + 2H,0 <> =SONb(OH)> + 3H' -1,844.05 +3.70 -11.11£0.65
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Tab. A-3:  Cont.
Surface complex formation reaction 5G°s, log1’K WI1GP50s, log10™'K
kJ-mol! kJ-mol!
=SOH + NpO," & ESONP020+ H' -1,130.00 + 0.65 -2.63+0.11
=SOH + NpO,* + H,0 <> =SONpO,0H" + 2H* -1,310.42 £ 1.31 -12.56 £0.23
=SOH + PaOOH"? <> =SOPaOOH" + H* -1,327.19+1.14 6.71 £0.20
=SOH + PaOOH"? & =SOPa0," + 2H* -1,294.81 £1.57 1.04 £0.28
=SOH + PaOOH"? + H,0 <> =SOPa0,OH" + 3H* -1,487.27£1.77 -6.79+0.31
=SOH + PaOOH™ + 2H,0 ¢ =SOPaOx(OH)> + | -1,672.14%1.33 -15.95+0.23
41"
=SOH + UO,?" <& =SOUO;" + H* -1,206.48 £ 0.57 2.93+0.10 -1,190.11 £ 1.77 0.07+0.31
=SOH + UO,*" + H,0 < =SOUO0H"+ 2H* -1,402.82 £2.28 -4.21+0.40 -1,393.62 £ 1.88 -5.83+0.33
=SOH + UO,?* + 3H,0 ¢ =SOUO»(OH):* + 4H* -1,780.62 +3.92 -21.12 £ 0.69

Tab. A-4:  Surface complexation constants for Ra(Il) on weak type 2 sites of illite and
montmorillonite
Mineral Surface complex formation reaction | W2G°59s, kJ-mol! log10"’K
Illite =SOH + Ra?" & =SORa*+ H' -776.71 £1.71 -3.85+0.30
Montmorillonite -771.29 £1.19 -4.80+0.21
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Tab. A-5:  Cation exchange reactions and corresponding selectivity coefficients (K. and Ky) for
Na-illite

Cation exchange reaction CEG®,08, kJ-mol! logio[Kc] logi[Kv]
Na'-clay + Cs" <> Cs'-clay + Na* 289.96+423 | 1.49+0.74' | 1.49+0.74
Na'-clay + K* ¢ K'-clay + Na* 278.76 + 1.14 1.1+0.22 1.1+0.2
Na'-clay + NH4" & NHy4'-clay + Na" -74.50 + 0.57 09+0.13 |0.9+0.1
2Na'-clay + Ba*" < Ba*"-clay + 2Na* -541.87 1.05° 0.75
2Na’-clay + Ca** ¢ Ca*'-clay + 2Na* -533.31 0.4+0.23 0.1+0.2
2Na'-clay + Cd** < Cd*-clay + 2Na* -59.38 0.602 03
2Na'-clay + Co*" <> Co*'-clay + 2Na’ -37.85+3.53 0.71£0.62 | 0.41+0.62
2Na‘-clay + Fe?" & Fe?'-clay + 2Na* 7237 0.602 03
2Na'-clay + Mg*" <> Mg**-clay + 2Na" -435.88 0.4+0.24 0.1+0.2
2Na'-clay + Mn*" <> Mn**-clay + 2Na" 208.84+2.68 | 0.41+047 | 0.11+0.47
2Na’-clay + Ni** ¢ Ni**-clay + 2Na* 28.13 +0.41 0.73+0.07 | 0.43+0.07
2Na*-clay + Pb*" < Pb**-clay + 2Na* -15.45+3.69 2.28+0.65 | 1.98+0.65
2Na'-clay + Ra*" ¢ Ra*'-clay + 2Na* -558.10+0.67 | 3.22+0.127 | 2.92+0.12
2Na'-clay + Sr** <> Sr**-clay + 2Na* -544.37 0.4+ 0.2 0.1+0.2
2Na'-clay + Zn*" <& Zn*'-clay + 2Na* _128.85 0.608 03
3Na'-clay + Am*" <> Am*'-clay + 3Na" -575.62 +0.52 1.71+0.09 | 1.23+0.09
3Na'*-clay + Eu** ¢ Eu**-clay + 3Na* -553.23 £ 0.87 1.78+0.15 | 1.3+0.15
Na'-clay + NpO," <> NpO;'-clay + Na' -897.98+2.55 | 0.04+045 | 0.04+0.45
2Na'-clay + UO»*" < UO,**-clay + 2Na* -934.50 0.65° 0.35

™o

© ® 9w AW

Results obtained during this study.

The values of selectivity coefficients are taken from Bradbury & Baeyens (2017). The uncertainty is taken as a

provisional value.

Taken from Wick et al. (2018).

Assumed to be identical to that for Ca®*.
Taken from Marques Fernandes et al. (2023).
Assumed to be to be identical to that for Zn.
For 0.3 M NaCl (see Section 4.1.6).

Taken from Montoya et al (2018).

In this study, it was not possible to obtain the optimum selectivity coefficient for the cation exchange of UO2?* on
Na-illite due to the low sensitivity of this parameter. As a result, it was removed from the optimised function. The
previously estimated value by Bradbury & Baeyens (2017) is specified instead.
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Tab. A-6:  Cation exchange reactions and corresponding selectivity coefficients (log K.) for Na-
montmorillonite

Cation exchange reaction CEGO398, kJ-mol! log [K.] log [Kv]
Na'-clay + Cs" <> Cs*-clay + Na* -287.68 £2.13 1.10+£0.37 1.10+0.37
Na'-clay + K* < K*-clay + Na* -275.91 0.602 £ 0.22! 0.602 £ 0.22?
2Na'-clay + Ba?" < Ba?'-clay + 2Na* -538.24 0.9° 0.6
INa*-clay + Ca?* & Ca?*clay + 2Na* -533.28 0.415+0.27" 0.095 + 0.272
2Na*-clay + Cd*" ¢ Cd**-clay + 2Na* -59.80 £0.20 0.67+0.03 0.37+0.03
2Na"-clay + Co?* &> Co*'-clay + 2Na* -37.06 0.57 0.27*
2Na-clay + Fe?" & Fe?'-clay + 2Na* -76.54 +0.63 1.33+0.11 1.03+0.11
INa'-clay + Mg?* & Mg-clay + 2Na* -435.48 0.342 +£0.3! 0.03+0.3
2Na'-clay + Mn?" <> Mn”'-clay + 2Na* -209.21 +0.53 0.48 £ 0.09 0.18 £ 0.09
INa*-clay + NiZ* & NiZ*-clay + 2Na* 2727 +0.32 0.57 % 0.06 0.27 + 0.06
2Na*-clay + Pb** & Pb*'-clay + 2Na* -9.20 £2.09 1.18+0.37 0.88 +0.37
2Na'-clay + Ra?" ¢ Ra%'-clay + 2Na* -547.34+£0.73 1.34+£0.13 1.03+£0.13
INa*-clay + Sr* & Sr**-clay + 2Na* -544.45 0.415+0.27' 0.113 +0.272
2Na'-clay + Zn?" <> Zn*'-clay + 2Na" -128.87 0.59° 0.29
INa“-clay + Am* €& Am*-clay + 3Na* | -575.23 +0.52 1.64 + 0.09 1.16 + 0.09
3Na'-clay + Eu*" & Eu*'-clay + 3Na* -551.83 +0.81 1.53+0.14 1.06 +0.14
Na*-clay + NpOs* € NpOs*-clay + Na* | -898.02%0.68 0.04 +0.12 0.04 +0.12
2Na*-clay + U0, & UO**-clay + 2Na* | -93342+1.72 0.46+ 0.3 0.16+0.3

[ e N

Taken from Bradbury & Baeyens (2002b).

Taken from Curti (2023). The uncertainty value is provisionally assumed to be the same as for the log [K.] value.

Taken from Klinkenberg et al. (2021).
Assumed to be the same as for Ni.

Taken from previous investigations (Baeyens & Bradbury 1995).
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App. B Metal hydrolysis equilibrium constants used in the
development of sorption thermodynamic databases for illite
and montmorillonite (in accordance with the TDB 2020)

The table contains the hydrolysis reactions and the values for the constants from the TDB 2020
(Hummel & Thoenen, 2023) with the original references except for the Co(Il) data, which were
taken from the ThermoChimie thermodynamic database, version 11a (Giffaut et al. 2014).

Tab. B-1:  Hydrolysis reactions and constant values from the TDB 2020 (Hummel & Thoenen,

2023) with the original references except for the Co(Il) data, which were taken from
the ThermoChimie thermodynamic database (Giffaut et al. 2014).

Metal Hydrolysis reactions log °®K | Reference

Cd(1) Cd* + H,0 < CdOH" + H* -9.8 Powell et al. (2011)
Cd?* + 2H,0 ¢ Cd(OH)" + 2H* 20.19
Cd?* + 3H:0 ¢ Cd(OH)y + 3H* 335
Cd** + 4H,0 < Cd(OH),> + 4H* 4728

Co(II) Co?" + H,O < CoOH' + H* -9.23 Giffaut et al. (2014)
Co* + 2H,0 ¢ Co(OH),’ + 2H* -18.6
Co* + 3H,0 ¢ Co(OH)y + 3H* 31.7
Co** + 4H,0 ¢ Co(OH)4> + 4H* -46.42

Fe(I) Fe* + H,O < FeOH" + H' -9.43 Brown & Ekberg (2016)
Fe2* + 2H,0 < Fe(OH)," + 2H" -20.52
Fe2* + 3H,0 ¢ Fe(OH)y + 3H* -32.68

Mn(II) Mn?" + H,O <& MnOH" + H* -10.58 Brown & Ekberg (2016)
Mn?* + 2H,0 < Mn(OH)," + 2H* 22.18
Mn?* + 3H,0 ¢ Mn(OH); + 3H* -34.34
Mn?* + 4H,0 < Mn(OH)s> + 4H* -48.28

Ni(II) Ni** + H,O <> NiOH" + H* -9.54 Gamsjéger et al. (2005)
Ni2* + 2H,0 < Ni(OH)," + 2H" -18
Ni2* + 3H,0 < Ni(OH)s + 3H* 29.2

Pb(II) Pb?" + HO <> PbOH' + H" -7.46 Powell et al. (2009)
Pb> + 2H,0 <> Pb(OH), + 2H" -16.94
Pb> + 3H,0 < Pb(OH)y + 3H* -28.03

Ra(II) Ra’*" + H,0 <> RaOH' + H" -13.7 Hummel & Thoenen (2023)

(linear regression)

Zn(II) Zn** + H,0 < ZnOH' + H* -8.94 Brown & Ekberg (2016)
Zn®* + 2H,0 < Zn(OH)," + 2H" -17.89
Zn%* + 3H,0 < Zn(OH)y + 3H" -27.98
Zn** + 4H,0 < Zn(OH)4> + 4H* -40.35
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Tab. B-1: Cont.

Metal Hydrolysis reactions log K | Reference

Am(II) | Am*" + H,0 < AmOH?*" + H* -1.2 Guillaumont et al. (2003)
Am** + 2H,0 © Am(OH)," + 2H* -15.1
Am** + 3H,0 € Am(OH):® + 3H* 26.2

Eu(I1I) Eu’** + H,O < EuOH?*" + H* -7.64 Hummel et al. (2002)
Ew’* + 2H,0 < Eu(OH)," + 2H" -15.1
Eu’* + 3H,0 ¢ Eu(OH):’ + 3H" -23.7
Eu** + 4H,0 < Eu(OH)4 + 4H" -36.2

Sn(IV) Sn*" + 4H,0 < Sn(OH)," + 4H* 7.54 Gamsjager et al. (2012)
Sn** + 5H,0 ¢ Sn(OH)s™ + 5H* -8.6
Sn*" + 6H,0 < Sn(OH)s* + 6H* -18.67

Th(IV) Th* + H,O <& ThOH?*" + H* -2.5 Rand et al. (2008)
Th* + 2H,0 ¢ Th(OH)?* + 2H" -6.2
Th*" + 4H,0 ¢ Th(OH),* + 4H" -17.4

Nb(V) Nb(OH)s" + HO <> Nb(OH)s° + H* -1.89 Hummel & Thoenen (2023)
Nb(OH)* + 2H,0 < Nb(OH)s + 2H" -6.69
Nb(OH)*" + 3H,0 <> Nb(OH);* + 3H" -16.09

Np(V) NpO;* + H,0 < NpO,(OH)? + H* -11.3 Lemire et al. (2001)
NpO,* + 2H,0 & NpO,(OH),” + 2H" -23.6

Pa(V) PaO(OH)*" + HO & PaO(OH)," + H' -1.26 Hummel & Thoenen (2023)
PaO(OH)," + HO ¢ PaO(OH);* + H* -5.04
PaO(OH);* + H,O < PaO(OH)y + H' 9.4

U(vlD) UO%" + H,0 & UO,OH' + H* -5.25 Guillaumont et al. (2003)
UO*" + 2H,0 & UO,(OH),? + 2H" -12.15 "
UO%" + 3H,0 < UO,(OH)5 + 3H" -20.25 "
UO*" + 4H,0 & UO,(OH)4> + 4H" -32.4 "
2U0*" + H,0 < (UO,),OH*" + H* 2.7 Grenthe et al. (1992)
200%" + 2H,0 < (UO2)2(OH)* + 2H* -5.62 "
3U022+ 4H,0 < (U02)3(OH)42+ + 4H* -11.9 "
3U02* 5H,0 ¢ (UO,)3(OH)s* + 5H* -15.55 "
3U02%" TH,0 < (UO,)3(OH); + 7TH" -32.2 Guillaumont et al. (2003)
4U0*" TH,0 < (UO»)4(OH);" + 7TH* -21.9 Grenthe et al. (1992)
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App. C Sorption edge and isotherm measurements on illite and
montmorillonite

In this study, we have incorporated all available in-house data, including previously unpublished
sorption results (edges and/or isotherms). The unpublished experiments encompass Cs(I), Co(Il),
Mn(II), Ni(I), Pb(Il), Zn(II), Eu(Ill), Th(IV), NpO,", and UO»*" sorption on montmorillonite
(SWy, STx, and IFM) and illite. Detailed information about these experiments, including
experimental conditions, is summarised in Tab. D-1, and the outcomes of these experiments are
illustrated in the figures provided in Chapter 4 and below (Fig. C-1 — C-19).

Materials

The SWy-2 montmorillonite (Crook County, Wyoming) in powdered form was obtained from the
Source Clay Minerals Repository at the University of Missouri, Columbia. The synthetic iron-
free montmorillonite (Na-IFM) utilised in this study is identical to the material employed in the
research conducted by Soltermann et al. (2013) and was supplied by Jocelyne Brendl¢ from
Université de Haute-Alsace, Institut de Science des Matériaux de Mulhouse. Comprehensive
information on the synthesis and treatment of IFM can be found in previous studies (Reinholdt
et al. 2001; Reinholdt et al. 2013). The source illite (Illite du Puy) originated from an Oligocene
geological formation in the Le Puy-en-Velay region (Haute-Loire), France (Gabis, 1958). The
illite samples underwent crushing, powdering in a mortar, and subsequent separation of the
< 63 um fraction through sieving.

IFM was suspended in 0.1 M NaCl and did not undergo any further treatment. SWy and IdP
underwent multiple washes with 1 M NaCl to eliminate soluble salts and sparingly soluble
minerals, such as calcite, converting the clay into the homoionic Na-form. The < 0.5 um clay
fraction was obtained through successive steps: peptisation via washing with deionised water pre-
equilibrated with the respective clay, centrifugation (approximately 7 minutes at around 600 g
maximum), collection of the supernatant suspension, and flocculation with 1 M NaCl. To remove
soluble hydroxy-aluminium compounds and other acid-soluble impurities, the clay suspension
underwent washing with a 0.1 M NaCl solution at pH 3.5 for 1 hour (Baeyens & Bradbury 1997).
For IdP, a repeated acid washing was performed (Bradbury & Baeyens, 2009a). The conversion
to the 0.1 M NaCl background concentration was achieved using the dialysis technique. Finally,
the conditioned Na-clay suspensions were diluted to a sorbent concentration (S) of approximately
10 g-L! with the equilibrium solution and stored in the dark at 4 °C. The clay content of each
batch was precisely determined by drying to a constant weight at 105 °C and correcting for the
salt content. The end products comprised suspensions of the respective purified clays in the Na-
form, serving as sources for the adsorption experiments.

The cation exchange capacity (CEC) of the used clays was measured by the '**Cs isotopic dilution
method (Baeyens & Bradbury, 2004). A significant number of CEC determinations were
conducted on various SWy and IdP clay batches at neutral pH, resulting in average values of
225+ 10 meq-kg™! and 870 £ 35 meq-kg™! for IdP and SWy, respectively. The CEC of the IFM
was determined to be 811.0 + 10.2 meq-kg! (Soltermann et al., 2013), demonstrating good
agreement with the CEC of natural SWy clay.

Sorption experiments

The sorption of Cs(I), Co(1I), Mn(1II), Ni(IT), Pb(II), Zn(II), Eu(IlI), Th(IV), NpO,*, and UO,*" on
the clay samples (see Tab.D-1) was quantified through radiochemical assays using the
corresponding radioisotopes. Specifically, **Cs (ti2 = 2.06 y), Ni (t;» = 100 y), 3’'Co (tip =
271,79 y), *Eu (t1» = 13.3 y), and **Th (ti» = 1.913 y) were procured from Eckert and Ziegler,
Isotope Products Laboratories (California, USA). Additionally, **Mn (t;» = 312.5 d) and ®Zn
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(tin=343.9 d) were sourced from PerkinElmer, Inc. (Waltham, MA, USA), while >'°Pb (ti» =
22.3 y) was obtained from the former Laboratoire de Mesure des Rayonnements lonisants
(LMRYI), (CEA, France). For %"Np (ti2=2.144-10° y) and **U (t1,=160 - 10°y), source solutions
in 1 M HCI with concentrations of 0.03 M and 5 - 10 M, respectively, were utilised. The isotopic
composition and stable carrier concentration of the used tracers were either provided by the
manufacturer or determined in-house by ICP-MS. The radiotracers contained no other metal
impurities. Each source radioisotope solution was diluted in 25 or 50 mL of deionised water to
produce an acidic stock solution. Standard solutions for use in the adsorption experiments were
prepared by labelling aliquots of the given stock radiotracer solution in the background
electrolyte. Each standard solution was allowed to stand at least overnight before use to ensure
equilibrium (wall sorption).

All the sorption experiments, excluding Cs, were conducted in controlled N> atmosphere glove
boxes with CO, < 1 ppm and O, < 1 ppm to prevent changes in geochemical conditions (e.g.,
carbonate complexation, precipitation, oxidation). Two types of batch adsorption measurements
were performed: (i) sorption edges: pH-dependent sorption of fixed nuclide concentration and
fixed ionic strength and (ii) adsorption isotherms: nuclide concentration-dependent sorption at
fixed pH and background electrolyte concentration. A comprehensive experimental overview is
provided in Tab. D-1. To prevent pH drift in the adsorption experiments, various buffers,
including i.e., CH3COONa-3H,O (sodium acetate), CsHisNO4S (MES), CsHisNO4sS (MOPS),
H,NC(CH>0H); (TRIS) or CgH17NO;S (CHES) (BioChemika MicroSelect, Fluka), were used at
concentrations of 2-10° M.

For the isotherms, stable or weakly radioactive isotopes of the respective investigated nuclides
were utilised, except for Np, for which 2"Np was also employed in the isotherm experiments. The
concentrations and stability of the solutions underwent verification through ICP-OES measure-
ment. Solutions spanning various concentration ranges were prepared at a specific pH in NaCl
background electrolyte (see Tab. D-1). The batch-type experimental approach typically involves
reacting aliquots of the clay suspensions over a defined period through end-over-end shaking: (i)
with the radioisotope-labelled standard solutions (pH edge) or (ii) with the radioisotope-labelled
stable nuclide solution of defined concentration at a constant pH and NaCl concentration
(isotherm). The detailed experimental conditions (i.e., clay, S/L ratio, pH, nuclide concentration
range, electrolyte) are summarised in Tab. D-1.

After a given equilibration period, phase separation was achieved using a Beckman Coulter
AvantiTM J30i High-Performance Centrifuge (1 hour at 108,000g max.), and aliquots of the
supernatants were assayed radiometrically. The pH of the supernatant of each sample was mea-
sured using a Metrohm combined electrode, calibrated against commercially available MerckTM
buffers at pH 4, 7, and 10.

Radiochemical assays of the supernatants and the labelled standard solutions (prepared simul-
taneously at the start of the adsorption experiments) were performed using either a Canberra
Packard TRI-CARB 2750 TR/LL liquid scintillation counter (®*Ni, 23U, 21°Pb, »'Np), or a
Canberra Packard Cobra Quantum y-counter (!**Cs, ®°Co, '°Eu, 2?*Th, %Zn, >*Mn).

Data presentation

The results of the sorption measurements (figures in Chapter 4 and Fig. C-1 to C-19) are expressed

in terms of solid-liquid distribution ratios (Rq) plotted against pH (edges) or nuclide equilibrium
concentration (isotherm), with Rq (L-kg™!) calculated as follows:

Ry= Ainit 7Aeql % X

Aeql m


http://www.chemspider.com/Molecular-Formula/C8H17NO3S
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where A,,;; is total initial aqueous nuclide activity (cpm), Acq is the total equilibrium aqueous
nuclide activity (cpm), V is the volume of liquid phase (L), and m is mass of solid phase (kg) in
the given experiment.
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Fig. C-1:  Cs(I) sorption edge measurements on Na-montmorillonite in 0.01 M NaClO4
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Fig. C-2:  Mn(II) sorption on Na-illite in 0.1 M NaCl
(a) pH edge and (b) sorption isotherm at pH 5.95
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Fig. C-3:  Mn(Il) sorption isotherm on Na-montmorillonite in 0.1 M NaCl
(a) at pH 6, (b) at pH 8.5, (c) at pH 8.7
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Fig. C-4:  Ni(Il) sorption edge measurements on Na-illite in 0.1 M NaClO4
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Fig. C-5:  Ni(Il) sorption isotherm on Na-montmorillonite at pH 7.7 in 0.1 M NaClO4
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Fig. C-6:  Pb(Il) pH edge on Na-illite in 0.1 M NaCl
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Fig. C-7:  Pb(Il) sorption isotherm on Na-montmorillonite at pH 8 in 0.1 M NaClO4
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Fig. C-8:  Zn(II) sorption on Na-montmorillonite in 0.1 M NaClO4
(a) pH edge and (b) sorption isotherm at pH
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Fig. C-9:  pH edges of Eu(Ill) on Na-illite

(a) in 0.6 M NaClO4 and (b) in 1 M NaClO4
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Fig. C-10: pH edges of Eu(Ill) on Na-montmorillonite
(a) in 0.3 M NaCl and (b) in 0.6 M NaCl
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Fig. C-12: pH edges of Np(V) on Na-illite in 0.1 M NaClO4
(8) Cin(Np) =5 x 107 M, S:L =4 g-L "' and (b) Cix(Np) =2 x 10° M, S:L=1.8 g-L"!
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Fig. C-13: pH edges of Np(V) on Na-montmorillonite in 0.01 M NaClO4

(a) Cu(Np) =2 x 10® M, S:L = 2.2 g-L"!, (b) Ciu(Np) = 1 x 105 M (SWy-1), SIL=0.9 gL,
and (c) Ciu(Np) = 1 x 10 M (STx-1), S:L = 0.9 g-L"!
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Fig. C-14: pH edges of Np(V) on Na-montmorillonite in 0.1 M NaClO4
(a) Cin(Np) = 1 x 105 M (SWy-1) and (b) Cin(Np) = 1 x 10° M (STx-1), S:.L =2.3 g-L"!
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Fig. C-15: pH edges of Np(V) on Na-montmorillonite in 0.1 M NaClOs

(2) Cin(Np) = 2.4 x 108 M (SWy-2), S:L = 0.5-1 g-L\, (b) Cia(Np) = 4.16 x 10”7 M (SWy-1),
S:L=0.7 g'L"!, and (c) Cin(Np) =2 x 10 M, S:L =0.7-1.7 g-'L"!
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Fig. C-16: Sorption isotherms of Np(V) on Na-montmorillonite in 0.1 M NaClO4
(a) pH 7 (SWy-1) and (b) pH 8 (SWy-2)
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Fig. C-17: Sorption isotherms of Np(V) on Na-montmorillonite (STx-1) in 0.1 M NaClO4
(a) pH 7.9 and (b) pH 8.8
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Fig. C-18: U(VI) sorption on Na-illite

(a) pH edge in 0.01 M NaClOs, (b) sorption isotherm at pH 5.9 in 0.1 M NaClOs, and
(c) sorption isotherm at pH 7.4 in 0.1 M NaClO4
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Fig. C-19:  U(VI) sorption isotherms on Na-montmorillonite (SWy-2) in 0.1 M NaClO4
(a) at pH 7 and (b) at pH 8






D-1

NAGRA NTB 23-05

App. D LES/PSI batch sorption experiments on illite and
montmorillonite

The table below describes the experimental conditions for the sorption measurements carried out
at the Laboratory for Waste Management of the Paul Scherrer Institute for this study. The data
were implemented in the sorption modelling together with published experimental data (see

Tab. E-1).
Tab. D-1:  Experimental conditions and data for new sorption measurements carried out at
LES/PSI for this report
Metal Clay Clay Experiment Background Solid to liquid | Initial concentration | pH
source electrolyte ratio, g-L! of sorbed element
Cs(D) Montmorillonite SWy-1 Edge 0.01 M NaClO4 1.2 1 x10° 2.8-11.1
SWy-1 Edge 0.1 M NaClO4 1.4 1 x10° 2.6-10.9
Co(1II) Illite 1dP Isotherm 0.1 M NaCl 22 59x107-15x10° | 7.2
Montmorillonite | Swy-2 Isotherm 0.1 M NaCl 2.1 52x107-1.5%x103 | 7.3
Mn(II) | Illite 1dP Edge 0.1 M NaCl 2.1 47 %108 4-175
1dP Edge 0.1 M NaCl 2.1 47x10% 4-175
1dP Isotherm 0.1 M NaCl 2 2.6x10%-7.7x10* | 595
1dP Isotherm 0.1 M NaCl 2 2.6x10%-7.7x10* | 7.3
Montmorillonite SWy-2 Edge 0.1 M NaCl 1.7-1.8 45x10% 2-99
SWy-2 Isotherm 0.1 M NaCl 1.7 28x10%-7.7x10* | 6
SWy-2 Isotherm 0.1 M NaCl 1.7 2.7x10%-7.7x10* | 7.3
SWy-2 Isotherm 0.1 M NaCl 1.7 24x10%-7.7 %107 8.5
SWy-2 Isotherm 0.1 M NaCl 1.7 3x10%-6.4x 10 8.7
NiII) Illite 1dP Edge 0.1 M NaClO,4 1.5 2 x 107 3.1-9.1
1dP Isotherm 0.1 M NaClO,4 1.5 8.6x10°-7.1x10%* | 7
Montmorillonite SWy Isotherm 0.1 M NaClOy4 2.1 1.6 x 108 —1.7x 105 7.7
SWy Isotherm 0.1 M NaClO,4 0.24 3x10%-4x107 7.7
Pb(ID) Illite 1dP Edge 0.1 M NaCl 0.3/0.6 5x108 25-99
Montmorillonite SWy-2 Isotherm 0.1 M NaCl 1.6 7.9%10°-79%10° | 8
Zn(1) Montmorillonite IFSM Edge 0.1 M NaClO,4 0.6-3.6 2.2 %107 44-8.7
SWy-1 Isotherm 0.1 M NaClO,4 2.1 1x10%-1.7x10° 7.7
Eu(IID) Illite 1dP Edge 0.3 M NaClO,4 0.6-19 2.1 x10° 39-93
1dP Edge 0.6 M NaClO,4 0.6-19 2.1 x10° 38-93
1dP Edge 1 M NaClO4 0.6-19 2.1 x10° 38-93
Montmorillonite STx Edge 0.3 M NaCl 03-12 6.5 x 107 3.7-94
STx Edge 0.6 M NaCl 03-12 6.5 %107 38-93
SWy-1 Isotherm 0.1 M NaClO,4 13 2.8x1010-44x10* | 5.9
SWy-1 Isotherm 0.1 M NaClO,4 1.8 1.5%x10°-4.6 x 10* | 6.8
STx Isotherm 0.1 M NaClO,4 1 23%x10°-2.5x107 7.9
STx-1 Isotherm 0.1 M NaClO,4 1 3.1x10°-2x 10" 8
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Tab. D-1:  Cont.

Metal Clay Clay Experiment Background Solid to liquid | Initial concentration | pH
source electrolyte ratio, g-L™! of sorbed element

Th(IV) | Montmorillonite SWy-2 Edge 0.1 M NaClO4 0.28 3.3 x 10! 3.8-11

Np(V) Illite 1dP Edge 0.1 M NaCl 2/4 3.8x10% 5.5-10.6
1dP Edge 0.1 M NaClO4 4 5% 107 28-176
1dP Edge 0.1 M NaClO4 1.8 2x10° 6.5-10.9
1dP Isotherm 0.1 M NaCl 23/25 71%10°-79x%10° | 7.7

Montmorillonite SWy-1 Edge 0.01 M NaClO4 2.2 2% 108 2.8-10.7

SWy Edge 0.1 M NaClO4 0.7-1.7 2x 10 6.5-10.9
SWy-2 Edge 0.1 M NaClO4 05-1 24x10% 7-10.4
SWy-1 Edge 0.1 M NaClO4 0.7 4.16 x 107 2.7-10.7
SWy-1 Edge 0.1 M NaClO4 23 1x10° 25-4
STx-1 Edge 0.1 M NaClO4 23 1x10° 25-4
SWy-1 Edge 0.01 M NaClO4 0.9 1x10° 25-39
STx-1 Edge 0.01 M NaClO4 0.9 1x10° 25-39
STx-1 Isotherm 0.1 M NaClO4 1.2 9.9x10%-9.9x10° | 7.9
STx-1 Isotherm 0.1 M NaClO4 1.2 9.9x10%-99x10° | 8.8
SWy-1 Isotherm 0.1 M NaClO4 53-54 1x108-1x10% 7
SWy-2 Isotherm 0.1 M NaClO4 2.7 1.3x10%-43%x10° | 8

U(vI) Illite 1dP Edge 0.01 M NaClO4 09-2.1 2.2x107 24-11.1
1dP Edge 0.01 M NaClO4 1.1-29 2.2x107 28-11.1
1dP Isotherm 0.01 M NaClO4 25 1.1x10¢-27%x10° | 59
1dP Isotherm 0.1 M NaClO4 1.2-13 53x107-1.6x10% | 7.2
1dP Isotherm 0.1 M NaClO4 2-21 35%x107-52x%10° | 7.2
1dP Isotherm 0.1 M NaClO4 22-23 35%x107-52x%10° | 74

Montmorillonite SWy-2 Isotherm 0.1 M NaClO,4 2 24%x107-6.1 x10° | 7

SWy-2 Isotherm 0.1 M NaClO4 0.5 24x107-1.7%x10° | 8
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App. E Peer-reviewed data of batch sorption experiments on illite
and montmorillonite used for the sorption model
development

Tab. E-1:  Batch sorption experimental data (including references) on illite and montmoril-
lonite documented in the literature used for the sorption model development in this
report

Metal Clay Clay Experiment Background pH* Reference
source electrolyte
Cs(D) Illite 1dP Edge 0.1 M NaClO4 2.8-109 Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 2.7-10.8 Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 2.7-10.8 Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 29-10.8 Poinssot et al. (1999)
1dP Edge 0.01 M NaClO4 2.7-11 Poinssot et al. (1999)
1dP Edge 0.01 M NaClO4 6.2-9.2 Poinssot et al. (1999)
1dP Edge 1 M NaClO4 1.8-9.2 Poinssot et al. (1999)
1dP Edge 0.01 MKCl 29-113 Poinssot et al. (1999)
Morris Isotherm 0.02 M NaNO3 7 Brouwer et al. (1983)
illite
1dP Isotherm 0.1 M NaClO4 7 Poinssot et al. (1999)
Morris Isotherm 0.02 M KNOs 7 Brouwer et al. (1983)
illite
Morris Isotherm 0.002 M KNO; 7 Brouwer et al. (1983)
illite
1dP Isotherm 0.01 M KCI 7 Staunton & Roubaud (1997)
Fithian Isotherm 0.001 M KC1 7 Comans et al. (1991)
illite
Montmorillonite SWy-1 Isotherm 0.01 M NaClO4 6 Bradbury & Baeyens (2002a)
Cd(II) Montmorillonite Kunimine | Edge 0.25 M NaNOs 26-172 Itami & Yanai (2006)
CC, Japan
FEBEX Edge 0.1 M NaClO4 5-94 Missana et al. (2023)
bentonite
SWy-1 Edge 0.1 M NaClO4 46-173 Zachara et al. (1993)
FEBEX Isotherm 0.1 M NaClO4 7.8 Missana et al. (2023)
bentonite
Co(II) Illite 1dP Edge 0.1 M NaClO4 43-95 Montoya et al. (2018)
1dP Edge 0.1 M NaClO4 43-94 Montoya et al. (2018)
1dP Edge 0.1 M NaClO4 43-93 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 5 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 7.1 Marques Fernandes et al. (2015)
Montmorillonite Swy-2 Edge 0.1 M NaClO4 4-10.9 Baeyens & Bradbury (2017)
Swy-2 Isotherm 0.1 M NaClO4 7.3 Baeyens & Bradbury (2017)
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Tab. E-1:  Cont.

Metal Clay Clay Experiment Background pH* Reference
source electrolyte

Fe(Il) Montmorillonite CBD Edge 0.1 M NaClO4 4.4-9.3 | Soltermann et al. (2013)
treated
iFSM
synth iFM | Edge 0.1 M NaClO4 3.4-9.2 | Soltermann et al. (2013)
STx Edge 0.1 M NaClO,4 23-9.1 Soltermann et al. (2014)
synth iFM | Isotherm 0.1 M NaClO,4 6.2 Soltermann et al. (2013)
synth iFM | Isotherm 0.3 M NaClO,4 6.7 Soltermann et al. (2013)
STx Isotherm 0.1 M NaClO,4 6.2 Soltermann et al. (2014)
STx Isotherm 0.1 M NaClO4 6.2 Soltermann et al. (2014)

Ni(Il) Illite 1dP Edge 0.01 M NaClO4 6.3-9.2 | Poinssot et al. (1999)
1dP Edge 0.01 M NaClO4 6-8.8 Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 3.2-9.1 | Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 4.3 -8.8 | Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 4.1-9.4 | Bradbury & Baeyens (2005a)
1dP Edge 0.5 M NaClO4 3.3-9.1 | Bradbury & Baeyens (2005a)
1dP Edge 0.01 M NaClO4 6-93 Bradbury & Baeyens (2005a)
1dP Isotherm 0.1 M NaClO4 7.2 Marques Fernandes & Baeyens (2020)
1dP Isotherm 0.1 M NaClO4 7 Marques Fernandes & Baeyens (2020)
1dP Isotherm 0.1 M NaClO4 7.8 Bradbury & Baeyens (2005a)
1dP Isotherm 0.1 M NaClO4 7.8 Bradbury & Baeyens (2005a)
1dP Isotherm 0.1 M NaClO4 6 Bradbury & Baeyens (2005a)
1dP Isotherm 0.1 M NaClO4 7 Poinssot et al. (1999)

Montmorillonite SWy-1 Edge 0.01 M NaClO4 4.7-9.9 | Baeyens & Bradbury (1997)

SWy-1 Edge 0.03 M NaClO4 4.7-9.8 | Baeyens & Bradbury (1997)
SWy-1 Edge 0.1 M NaClO4 43-9.9 | Baeyens & Bradbury (1997)
SWy-1 Isotherm 0.1 M NaClO4 59 Baeyens & Bradbury (1997)
SWy-1 Isotherm 0.1 M NaClO4 7 Baeyens & Bradbury (1997)
SWy-1 Isotherm 0.1 M NaClO4 7.1 Marques Fernandes & Baeyens (2020)
Swy-1 Isotherm 0.1 M NaClO4 8.2 Baeyens & Bradbury (1997)

Pb(1I) Illite 1dP Edge 0.1 M NaCl 1.5-9.5 | Marques Fernandes & Baeyens (2019)
1dP Isotherm 0.02 M NaCl 5.95 Marques Fernandes & Baeyens (2019)
1dP Isotherm 0.1 M NaCl 6.9 Marques Fernandes & Baeyens (2019)
1dP Isotherm 0.1 M NaCl 7.2 Marques Fernandes & Baeyens (2019)

Montmorillonite SWy-2 Edge 0.1 M NaCl 4-9.1 Marques Fernandes & Baeyens (2019)

SWy-2 Edge 0.1 M NaCl 4-9.6 Marques Fernandes & Baeyens (2019)
SWy-2 Isotherm 0.1 M NaCl 59 Marques Fernandes & Baeyens (2019)
SWy-2 Isotherm 0.1 M NaCl 7 Marques Fernandes & Baeyens (2019)
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Tab. E-1:  Cont.
Metal Clay Clay Experiment Background pH* Reference
source electrolyte
Ra(II) Illite 1dP Edge 0.3 M NaCl 56-94 Marques Fernandes et al. (2023)
Montmorillonite SWy-2 Edge 0.3 M NaCl 56-9.2 Klinkenberg et al. (2021)
Zn(II) Illite 1dP-2 Edge 0.01 M NaClO4 43-9.7 Montoya et al. (2018)
1dP-2 Edge 0.1 M NaClO4 43-95 Montoya et al. (2018)
1dP Isotherm 0.0011 M NaClO4 591 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 5 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 5 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 7.2 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 7.2 Montoya et al. (2018)
1dP Isotherm 0.1 M NaClO4 8.4 Montoya et al. (2018)
Montmorillonite SWy-1 Edge 0.1 M NaClO4 42-98 Baeyens & Bradbury (1997)
SWy-1 Isotherm 0.1 M NaClO4 5.6 Baeyens & Bradbury (1997)
SWy-1 Isotherm 0.1 M NaClO4 7 Baeyens & Bradbury (1997)
STx-1 Isotherm 0.1 M NaClO4 7.2 Diéhn et al. (2011)
Milos Isotherm 0.1 M NaClO4 7.2 Diéhn et al. (2011)
SWy-1 Isotherm 0.1 M NaClO4 7.3 Marques Fernandes & Baeyens
(2020)
Am(IIl) | Illite 1dP Edge 0.1 M NaClO4 2.6-10.7 Bradbury & Baeyens (2009b)
1dP Edge 0.1 M NaClO4 2.7-10 Gorgeon (1994)
Montmorillonite SWy-1 Edge 0.1 M NaClO4 2.6-10.7 Bradbury & Baeyens (2006)
SWy Edge 0.1 M NaClO4 2.6-11 Gorgeon (1994)
Eu(IIT) Illite 1dP Edge 0.1 M NaClO4 2.7-10.8 Poinssot et al. (1999)
1dP Edge 0.1 M NaClO4 2.5-10.8 Bradbury & Baeyens (2009a)
1dP Edge 0.5 M NaClO4 3-10.8 Bradbury & Baeyens (2005a)
1dP Edge 0.5 M NaClO4 3.1-10.7 Bradbury & Baeyens (2005a)
1dP Edge 0.5 M NaClO4 3.1-10.8 Bradbury & Baeyens (2005a)
1dP Edge 0.5 M NaClO4 3.3-10.7 Bradbury & Baeyens (2005a)
1dP Isotherm 0.1 M NaClO4 7 Poinssot et al. (1999)
1dP Isotherm 0.1 M NaClO4 7 Bradbury & Baeyens (2005a)
1dP Isotherm 0.1 M NaClO4 7.2 Marques Fernandes & Baeyens
(2020)
1dP Isotherm 0.1 M NaClO4 7.2 Marques Fernandes & Baeyens
(2020)
1dP Isotherm 0.1 M NaClO4 7.1 Marques Fernandes & Baeyens
(2020)
Montmorillonite SWy-1 Edge 0.1 M NaClO4 42-9 Bradbury & Baeyens (2002b)
SWy-1 Edge 0.1 M NaClO4 2.7-10.6 Bradbury & Baeyens (2006)
SWy-1 Isotherm 0.1 M NaClO4 6 Bradbury & Baeyens (2002b)
SWy-2 Isotherm 0.1 M NaClO4 72 Marques Fernandes & Baeyens
(2020)
SWy-1 Isotherm 0.1 M NaClO4 7.4 ?;[8;%1;85 Fernandes & Baeyens
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Tab. E-1:  Cont.

Metal Clay Clay Experiment Background pH* Reference
source electrolyte

Sn(IV) Illite 1dP Edge 0.1 M NaClO4 41-124 Bradbury & Baeyens (2009a)

Montmorillonite SWy-1 Edge 0.1 M NaClO4 41-9.5 Bradbury & Baeyens (2005b)
Kunipia F | Edge 0.5 M NaCl 6.7-9.9 Ishidera et al. (2023)
Kunipia F | Edge 0.5 M NaCl 75-99 Ishidera et al. (2023)

Th(IV) Illite 1dP Edge 0.1 M NaClO4 4.1-10.9 Bradbury & Baeyens (2009b)
SWy-1 Edge 0.1 M NaClO4 4-10.9 Bradbury & Baeyens (2005b)

Nb(V) Illite IMt-1 Edge 0.1 M NaClO4 4.7-10.6 Ervanne et al. (2014)

Montmorillonite *E Edge 0.1 M NaClO4 4.7-9.1 Ervanne et al. (2014)
Kunipia F | Edge 0.5 M NaCl 72-92 Ishidera et al. (2023)
Kunipia F | Edge 0.5 M NaCl 72-9.8 Ishidera et al. (2023)
Np(V) Illite 1dP Edge 0.1 M NaClO4 2.5-10.7 Gorgeon (1994)
1dP Edge 0.025 M NaClOy4 2.6-109 Gorgeon (1994)
Montmorillonite SWy Edge 1 M NaClO4 2.7-10.6 Gorgeon (1994)
SWy Edge 0.1 M NaClO4 26-11.2 Gorgeon (1994)
SWy Edge 0.025 M NaClOy4 2.6-11.1 Gorgeon (1994)

Pa(V) Illite 1dP-2 Edge 0.1 M NaClO4 4.1-10.7 Bradbury & Baeyens (2009b)
1dP-2 Edge 0.1 M NaClO4 4.1-10.6 Bradbury & Baeyens (2009b)
1dP-2 Edge 0.1 M NaClO4 4-9.1 Bradbury & Baeyens (2009b)
1dP-2 Edge 0.1 M NaClO4 4-10.8 Bradbury & Baeyens (2009b)

Montmorillonite SWy-1 Edge 0.1 M NaClO4 4-10.7 Bradbury & Baeyens (2006)
SWy-1 Edge 0.1 M NaClO4 4-10.7 Baeyens & Marques Fernandes
(2018)

U(vI) Illite 1dP Edge 0.01 M NaClO4 2.8-10.7 Bradbury & Baeyens (2005a)
1dP Edge 0.1 M NaClO4 2.7-10.1 Bradbury & Baeyens (2009b)
1dP Edge 0.1 M NaClO4 2.6-10.7 Bradbury & Baeyens (2009b)
1dP Isotherm 0.1 M NaClO4 4.8 Bradbury & Baeyens (2005a)

Montmorillonite SWy-1 Edge 0.01 M NaClO4 2.6-10.7 Bradbury & Baeyens (2005b)
SWy-1 Edge 0.1 M NaClO4 2.6-10.7 Bradbury & Baeyens (2005b)
SWy-1 Edge 0.1 M NaClO4 2.8-10.8 Marques Fernandes et al. (2012)
SWy-1 Isotherm 0.1 M NaClO4 5 Bradbury & Baeyens (2005b)
SWy-1 Isotherm 0.1 M NaClO4 6.8 Bradbury & Baeyens (2005b)
SWy-2 Isotherm 0.1 M NaClO4 8.1 Marques Fernandes et al. (2012)

*  Only the ranges used for fitting in this work are indicated. In the original papers, the ranges can be wider.

**  Here, the Ra values of Nb(V) on montmorillonite are assumed to be similar to those on illite in Ervanne et al. (2014) (see Section 4.2.14).
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